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ABSTRACT
The experimental part of this thesis, Powder Processing of Bi-Pb-Sr-Ca-Cu-0 
Superconductors, contains of four main parts: a) Sample production techniques and their 
comparison (in terms of stoichiometry, phase composition, homogeneity, particle size, 
reactivity), characterisation of Bi-Pb-Sr-Ca-Cu-0 precursor powders; and the influence 
of the precursor powder properties, mainly in terms of particle size, on Jc of the Ag- 
sheathed tapes; b) methods of particle size reduction and particle size distribution 
measurements of the Bi-based superconducting precursor powder; c) investigation of the 
development of the high-temperature (Bi-2223) phase and its formation kinetics; d) 
effect of grain boundaries on electrical properties of the bulk Bi-Sr-Ca-Cu-0 system in 
terms of Tc and Jc values; and the effect of plastic deformation on grain boundaries and 
recrystallisation.
Three different chemical route sample production techniques, namely the freeze- 
dry, spray-dry and thermal co-decomposition methods, and the two-powder oxide route 
method were investigated experimentally. The most reactive chemical route utilised here 
was the freeze-drying method. The two-powder route was found to be intermediate in 
efficiency relative to the other techniques used here. The reactivity of the powders was 
related to the particle size and stoichiometric changes during heat treatment. It was
IV
found that the smaller the particle size, the higher the reactivity of the powder during 
sintering.
The final chemical stoichiometry of the 2223-phase and more particularly the 
state of particle agglomerates in the spray-dried powder are strongly dependent on the 
operating parameters of the spray-dry machine utilised, such as the inlet and outlet 
temperatures, rate of air drying, and the atomising air pressure. For this process, the 
optimum inlet and outlet temperatures were found to be 103 °C and 183 °C, respectively, 
and rate of air drying was 0.47 mm3/min, and the atomising pressure was 1.5 kg/cm\ 
respectively. Even after optimum temperatures, drying rate, and atomosing pressure 
were established, the precursor gave a lower yield of 2223 phase after a subsequent 
sintering than the precursors made by the other methods.
Various systems, consisting of agate and polypropylene grinding containers, 
agate and YSZ balls, and dry and wet milling, were used in planetary ball-milling, and 
YSZ balls and YSZ containers were used in wet and dry attrition milling. The differently- 
milled powders were then evaluated by measurements of particle size, surface area, 
porosity, size distribution, and chemical analysis of Si, Zr and C contents. The results 
show that dry milling is much more efficient in planetary-milling than wet milling, 
whereas wet milling and dry milling gave quite similar results in attrition milling. 
Significant SiCE contamination was found in powder milled in an agate container with
agate balls. Some C contamination from the polypropylene container was detected after 
milling, but negligible Zr from YSZ balls and C from the grinding carrier (hexane).
Effects of precursor particle size on Jc (77 K) values of the tapes produced by the 
powder in-tube (PIT) processes have been also investigated. Tapes were made from the 
milled powders made by spray drying and which had fine (1-2 pm), and coarse particle 
sizes (6-10 jam). They were packed by the powder-in-tube method (PIT) using the 
knocking method in which the silver tube was knocked against a metal block frequently 
during packing. The packed silver tubes were then mechanically worked into wires and 
tapes by square-rolling and flat-rolling. The resultant tapes were subjected to a heat 
treatment process consisting of three sintering steps with two intermediate pressings. 
Each sintering was conducted in air at 832 - 836 °C for 60 hours. Tape made from fine 
particles produced a higher Jc ( = 14,000 ± 4 A/cm2 ) than that from coarse particles 
which produced Jc = 5,124 ± 4 A/cm2 after heat treatment, clearly showing the effect of 
precursor particle size on Jc values.
After sintering for 40 hours at 850 °C in air (the heat-treatment affording 
maximum yield of 2223 phase) ball-milled oxide route powder has a larger grain size 
than equivalent powder which was not ball-milled, and higher Jc values (= 560 ± 5 
A/cm2)-this is a good value compared to the similar materials made in other parts of the 
world. Jc value for unmilled powders was 520 ± 5 A/cm2. Lower Tc (0) ( = 90K ) values 
are observed in larger Bi-2223 platelets as compared to Tc (0) = 94K for smaller grain
VI
size due to the weak-coupling at the grain boundaries as proposed in the Brick Wall 
Model. It also suggests that the majority Bi-2223 grains, grown as plates, have high­
angle [001] twist boundaries. Finally, it demonstrates that the recovery and the 
recrystallisation of the 2212 and 2223 grains, crushed upon ball-milling, occur in the 
sintering process.
For samples produced by a variety of methods and sintered for various times at 
850 °C in air, the two-dimensional nucleation (random)-growth mechanism was found 
here to be attributable to the growth of the Bi-2223 grain in the a-b plane direction of the 
Bi-2212 matrix being much faster than in the c-direction, or that the plate-like precursor 
(2212) confines the 2223 product. It was shown here that the nucleation and the growth 
rate were very fast between 0 and 36 hours. At the final stage, between 36 and 60 h, 
because of the impingement of the growth fronts of different nuclei, the high formation 
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Many superconducting oxides have been reported since the discovery of “high- 
temperature” superconductivity in (Lai.xBax)2Cu04 in 1986 [1]. An enormous amount of 
data on physical and chemical properties, crystal and defect structures, and phase 
relations in these superconducting systems has already been reported in the literature. 
These superconducting oxides are most interesting from the viewpoint of not only solid- 
state physics but also crystal chemistry. The average and local structures of these 
copper-based oxides have been investigated by powder neutron diffraction, single crystal 
x-ray diffraction, high-resolution transmission electron microscopy (HRTEM), extended 
x-ray absorption fine structure (EXAFS), and so on.
The discovery of the high-temperature superconducting phases in the Bi-Sr-Ca- 
C u-0 system [2], i.e., BÌ2+x(Sr,Ca)3Cu208+d (the 2212) phase, with Tc as high as 95 K, 
and BÌ2+x(Sr,Ca)4Cu30 io+d (the 2223 phase), with Tc as high as 110 K, has stimulated 
world-wide research activities with the aim of understanding and controlling these 
exciting materials. Great effort has been put into the processing of these complex oxide 
systems to optimise the superconducting properties such as the critical temperature (Tc),
1
below which the superconducting transition starts, the critical magnetic field (Hc) which 
is necessary to destroy superconductivity, and the critical current density (Jc) which can 
be sustained in the superconducting state [3]. The majority of work around the world 
developing practical high-temperature superconductors focuses on Bi-Sr-Ca-Cu-0 
systems. This is due to the fact that the critical current density, Jc, in Bi-Sr-Ca-Cu-0 
superconductors does not decrease precipitously with the applied magnetic field as it 
does for Y-Ba-Cu-0 superconductors [4,5]; thus Bi-Sr-Ca-Cu-0 superconductors do 
not suffer from the so-called weak-link problem in Y-Ba-Cu-O superconductors. Weak 
electromagnetic coupling due to the layered structure of insulating Bi-0 and 
superconducting CuC>2 sheets at high angle grain boundaries is a major impediment to the 
development of high critical current densities in polycrystalline high-Tc Bi-based 
superconductors [6, 7]. Also, Bi-Sr-Ca-Cu-0 superconductors have higher Jc values in 
magnetic fields ( > 15 T at 4 K) than conventional low-temperature superconductors 
such as Nb-Ti and Nb3Sn, so they offer the possibility of building liquid-He-cooled 
higher-field magnets than can be made with conventional materials. The Bi-Sr-Ca-Cu-0 
systems are not ideal for conductor applications; however, because of their low 
irreversibility line [8,9] compared to Y-123 (YBa2Cu307-5) and Tl-1223
(TlBa2Ca2Cu309.x). To make comparisons between high-Tc superconducting materials 
with different anisotropies, a single resistivity criterion-p/pn = 105, where pn is the 
temperature dependent normal state resistivity- is utilised as a measure of the 
characteristic magnetic field and temperature of the onset of vortex motion. This is 
referred to in the literature as “irreversibility behaviour” and lines representing the
2
separation of a region of irreversibility-low temperatures and reversibility-high 
temperatures are defined as “irreversibility lines” [10]. Therefore, because the Bi-Sr-Ca- 
C u-0 superconductors do not suffer from the weak link problems of Y-123 and are 
much easier to process than Tl- and Hg-based superconductors, they are the systems that 
are being most developed. The toxicity and volatility of Hg and Tl are also other 
disadvantages that are limiting the usage of Tl- and Hg-based high-Tc superconductors. 
These then are the basic reasons why the Bi-Sr-Ca-Cu-0 system has been chosen for this 
study.
The experimental part of this thesis contains four main parts: a) Sample 
production techniques and their comparison (in terms of stoichiometry, phase 
composition, homogeneity, particle size, reactivity), characterisation of Bi-Pb-Sr-Ca-Cu- 
O precursor powders; and the influence of the precursor powder properties, mainly in 
terms of particle size, on Jc of the Ag-sheathed tapes; b) methods of particle size 
reduction and particle size distribution measurements of the Bi-based superconducting 
precursor powder; c) investigation of the development of high-temperature (Bi-2223) 
phase and its formation kinetics; d) effect of grain boundaries on electrical properties of 
the bulk Bi-Sr-Ca-Cu-0 system in terms of Tc and Jc values, and the effect of plastic 
deformation on grain boundaries and recrystallisation.
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Processing of the high-Tc (Bi, Pb)2Sr2Ca2Cu30 10 (2223) phase by the powder-in­
tube techniques where the powder is packed by tapping (see chapter 3) or vibrating 
[11] in a tube, typically made of Ag, which is sealed and mechanically worked into the 
desired conductor form has proved to be a very promising method for fabricating high- 
Tc superconducting wires that can carry high critical current densities [12-16].
As a first step of the powder-in-tube (PIT) process, the quality and reactivity of 
the precursor powder are of vital importance to the final properties of superconducting 
wires and tapes. Partial Pb substitution for Bi promotes the formation of and stabilises 
the Bi-2223, high-Tc phase [17-19], but long sintering times and close temperature 
control are required to make sure major Bi-2223 phase development occurs when 
conventional ceramic processing techniques (such as the solid state oxide routes) are 
used. In particular, when CaC03 and SrC03 are used as starting materials, large 
segregated particles of Sr-Ca-Cu-O, Ca-Cu-O, and Cu-O phases are found in the 
sintered materials [20], and these interfere with the bulk superconducting properties. On 
the other hand, the chemical routes (such as freeze-dry, thermal co-decomposition, spray 
pyrolysis, co-precipitation, and so on) allow the formation of precursor powders 
containing intimate mixtures of cations, very fine grain size (1-2 Jim), and low C content 
(since the starting materials are nitrates). The finest particle size was obtained in the 
present research by the freeze-dry technique and it was also demonstrated that the finer 
the particle size, the higher the formation rate and the larger the fraction of the Bi-2223 
(nearly pure) phase developed in the bulk-polycrystalline samples on sintering.
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Since the particle size and the chemical purity of the precursor powders are two 
of the basic parameters affecting the phases formed and therefore, the electrical 
properties in high-Tc superconductor tapes and wires, particle size reduction techniques 
have an important role in obtaining the ultra-fine powders necessary for increasing the 
volume fraction and the rate of formation of the Bi-2223 phase. The main potential 
source of chemical contamination is due to the milling media used during the particle 
size reduction. Therefore, in order to obtain desired end-products, control of the milling 
operations for decreasing the particle size is very important. In this study, various 
techniques (such as planetary-ball milling and attrition milling) together with the different 
combinations of the milling media (yttrium-stabilised-zirconia (YSZ), agate, and 
polypropylene) were used. It was observed that YSZ was the best of these media to 
minimise chemical contamination.
Finally, many efforts were made in order to determine the optimum composition 
and temperature for the preparation of single phase 2223 samples, since the 2223 phase 
mainly is used for the processing of high-temperature superconducting tapes. However, 
one main aspect limiting the critical current density is believed to be the presence of 
second phases which are generally existing in all tapes [9-12]. This study also shows that 
the phase relations are very sensitive to variations of the cation concentration. This effect 
significantly influences the preparation of 2223 ceramics (e.g., calcination and sintering
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time and temperature, processing atmosphere, starting compositions, cooling and heating 
rates).
This work has shown that freeze-drying mixed nitrate solutions produces the 
most reactive powders. For spray-dry powder processing, the peresent work is the first 
in the powder processing literature to optimise the relevant parameters such as inlet and 
outlet temperatures and atomising and drying rates of the powders. It has also given a 
clear view that the phase assemblage is very sensitive to the variations of the cation 
stoichiometry and heat-treatment time. Finally, it has shown that the “brick layer” theory 
is also applicable to the bulk-polycrystalline Bi-Pb-Sr-Ca-Cu-0 superconductors made 




2.1. History of Superconductivity
Superconductivity was discovered by Kamerlingh Onnes in 1911 [5], when he 
found that the electrical resistivity of mercury fell to zero on cooling below a 
temperature of 4.3 K. The effect was reversible on heating and cooling through the 
critical temperature, Tc. The Meissner effect was discovered in 1933: at temperatures 
below Tc a superconductor excludes magnetic flux and ideally is perfectly diamagnetic in 
a sufficiently small applied magnetic field (Type I behaviour) in the absence of 
demagnetisation effects. In higher magnetic fields, there is some penetration by the field 
and the superconductor is said to be in the mixed state ( Type II behaviour ). The flux 
exclusion is created by supercurrents in the surface of the sample which set up an 
“internal” magnetic field which locally neutralises the applied field. A sufficiently large 
magnetic field (Hc) or electrical current density (Jc) will destroy the superconductivity 
even when the temperature is below Tc (see below).
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A satisfactory theory of superconductivity was not developed until the 1950s 
when Bardeen, Cooper and Schreiffer showed [21] that the basic mechanism involved 
the pairing of electrons having opposite momenta (Cooper pairs), with the coupling 
arising from a virtual phonon interaction. Important parameters of the superconducting 
state (apart from Tc, Hc, and Jc) include the London penetration depth of an applied 
magnetic field into the surface of the material, the correlation length over which the 
Cooper pair interaction takes place, and the coherence distance. This distance is a 
measure of the spatial extent of the superconducting wave function and gives an 
indication of the necessary proximity of two pieces of superconductor which will permit 
electrical connection.
Although thousands of materials, mainly metallic alloys, have been found to be 
superconducting, the maximum Tc observed in any material had increased only very 
slowly over the years, to 23.2 K (NbaGe), by the mid-1970s. Thus superconductivity 
essentially required the use of expensive liquid helium as a refrigerant; the small latent 
heat of vaporisation of liquid helium requires the use of heavy insulation (externally 
cooled by liquid N2) in cryogenic apparatus. Theoretical work by Little in the mid-1960s 
predicted that certain long-chain organic compounds might have very high Tc values, and 
persistent reports of poorly reproducible Tc values near liquid N2 temperature (77 K) in 
copper chlorides kept up interest in extending Tc by discovering new materials. 
However, superconductivity in the copper chlorides has not been confirmed and though
some superconducting organic compounds with Tc values of a few degrees Kelvin are 
known, no high-Tc organics have been discovered.
Some oxide materials were known by the mid-1970s to be superconducting, with 
perovskite-structured Ba(Bi,Pb)03 and spinel-structured Li4T i04 having Tc values of 
~13 K. Although ceramic oxides are clearly less attractive than metallic alloys from the 
mechanical property aspect, it was these oxides, notably Ba(Bi,Pb)03, which led to the 
present crop of perovskite-structured high-Tc superconductors, initiated by the Nobel- 
prize winning work [6] of Bednorz and Muller in 1986, when they observed 
(La,Sr)Cu04.x ceramics to have Tc values as high as 35 K. Early in 1987, the University 
of Houston group [7] announced that a Y-Ba-Cu-0 compound had Tc= 93 K, breaking 
the “liquid N2 barrier” at last. YBa2Cu30 7.x ( when quickly become known in this field as 
" 123") was identified as the perovskite-structured compound responsible, and a flood of 
work ensued on its physical and chemical properties, and on device fabrication. A year 
later, Japanese workers [8] showed that a Bi-Sr-Ca-Cu-0 compound had Tc~l 10 K and 
a Tl-Ba-Ca-Cu-O series of compounds with Tc~125 K followed quickly in the US [9]. In 
1993, Putilin et al. [10], Meng et al. [11] and Schilling et al. [12] replaced Y by Hg and 
added Ca to Y-Ba-Cu-O system and obtained the superconducting compounds 
HgBa2Can-iCun02(n+i)+x, with the highest Tc of 133 K (n = 3).
It was quickly discovered that, while the Tc values of the various compounds 
were not particularly sensitive to preparation conditions, the current-carrying capacity
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was extremely sensitive. The Jc values at 77 K of the bulk materials were found, 
generally speaking, to rarely exceed ~ 103 A/cm2, while high quality single crystals 
grown epitaxially on SrTi03, MgO or cubic Z r02 have Jc~107 A/cm2. It become clear 
then that the processing of polycrystalline high-Tc materials would be of key importance 
in the development of superconducting devices, with the connectivity between individual 
superconducting grains dominating the bulk properties. The particular sensitivity arises 
from the empirical fact that the coherence distance in the high-Tc materials is only a few 
angstrom, so both the grain boundaries and any second -phase material in the grain 
boundaries substantially affect Jc.
2.2. Parameters Describing Superconductivity
In 1957 Abriskov [14] studied the behaviour of superconductors in an external 
magnetic field and discovered that superconducting materials can be separated into two 
types: type I and type II superconductors.
When a superconducting material is cooled from high temperature, it initially 
behaves as a normal metal with finite resistance until at a certain temperature known as 
Tc, the resistance falls to zero. This defines the temperature of a thermodynamic 
transition to the superconducting state, in which electrons are paired. The details of 
quantum interactions within the superconducting state may be simplified by the use of a 
macroscopic quantum wave function, \|/, where ns = \|A|/* = I \|/1 “ gives the density of
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superconducting electron pairs. This quantity \j/ is also known as the complex 
superconducting order parameter and is the basis of the phenomenological Ginzburg- 
Landau (G-L) formalism for superconductors. The full treatment on the G-L theory 
appears in many general texts on superconductivity, for example, the book by Tinkham 
[13]. The theory will be discussed in more detail on pages 21-22.
Two characteristic lengths arise from this theory: the magnetic penetration 
length, X ,  over which spatial variations in the local magnetic field occur, and the 
superconducting coherence length, Ç, the length scale over which spatial variations of the 
order parameter take place, that is, the spatial extent of the superconducting electron 
pair ( Cooper pair). The relative sizes of X  and £ distinguish two different classes of 
superconductor. Materials with X  <  % / 21/2 are known as type I superconductors and lose 
their superconductivity completely when a magnetic field penetrates. They are also called 
'soft' or 'pure' superconductors. With the exception of vanadium and niobium, all 
superconducting elements and most of their alloys are type I superconductors. The 
strength of the applied magnetic field required to completely destroy the state of perfect 
diamagnetism in the interior of the superconducting specimen is called the 
thermodynamic critical field, Hc. As shown schematically in figure 2.1, the variation of 
the critical field Hc with temperature for a type I superconductor is approximately 
parabolic:
Hc = H0 [1- ( T/Tc )2] (2 . 1)
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where H0 is the extrapolated value of Hc at absolute zero temperature.
The magnetisation curve of an ideal type I superconductor is given in figure 2.2. 
The magnetic induction, H, can be expressed:
H = |Lio ( B + M) (2.2)
where M is the magnetisation and ja0 is the magnetic permeability of free space (4tu x 10‘7 
henry, m '1).
Below the critical field Bc, a superconductor is perfectly diamagnetic (Meissner 
effect) with H = 0, so M = -B. Above Bc the material becomes normal, and normal 
metals (excluding the special ferromagnetic metals) are virtually non-magnetic; H = - 
|ioB, so M = 0.
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T / Kelvin
Fig.2.1 Schematic diagram of HC(T) for type I superconductors [22].
Fig.2.2. Variation of magnetisation as a function of the magnetic field for type I
superconductor [22].
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The case of X  >  % /21/2 is known as type II superconductivity, and here it is 
energetically favourable to form normal regions within the superconductor above a 
certain field, known as the lower critical field, Hci. This is called the mixed or vortex 
state. An applied magnetic field will be screened by the superconducting regions of the 
sample, but will pass through filamentary normal regions (vortices), where the order 
parameter will be reduced to zero. The size scales of the coherence length and the 
penetration length are shown in figure 2.3. The requirement that the wave function 
introduced above be single-valued at all points within the superconductor, leads to 
quantisation of the magnetic flux through each vortex. The value of the flux quantum 
may be shown to be cj)0 = 2.07xl0'15 webers [13]. The radius of the normal core of the
vortex line is the coherence length, since that sets the length scale for variations in the 
order parameter. To screen the magnetic field within the flux line from the more strongly 
superconducting region outside, and self-consistently generate the flux inside, shielding 
currents flow around the vortex, with a characteristic length scale of X .  The currents 
interact with those from other vortices and give rise to a mutual repulsive interaction 
between vortices.
When one minimises the free energy as a function of lattice configuration, the 
vortices in the mixed state are arranged in a hexagonal pattern known as the Abrikosov 
lattice [14,15]. The expected hexagonal pattern has been observed in many type II 
superconductors, and high-temperature superconductors are no exception [16]. The 
lattice spacing, av, is determined by the applied magnetic field and is given by
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av ~ V (<j)0 / B) (2.3)
This shows that an ensemble of vortices provides an interesting system where 
the density of lattice points may be controlled by varying the magnetic field. The phase 
diagram for a conventional (low-Tc) type II superconductor is shown in figure 2.4. At 
the lower critical field it becomes energetically more favourable to admit vortices than to 
maintain the Meissner state; there is a second-order phase transition to the mixed state at 
this field. As the field is increased further, the order parameter is progressively reduced; 
and at another value of the field, the order parameter becomes zero with a second-order 
phase transition to the normal state. This is the upper critical field, Hc2(T). It is given by 
the equation
Hc2 — <)>o / 2 7 ^ 2 (2.4)
which may be qualitatively understood in terms of the destruction of the 
superconducting state because of the overlap of vortex cores.
In type I superconductors the superconductivity vanishes on exposure to a 
relatively low magnetic field, since the value of Hc is usually only a few hundred gauss.
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But type-II superconductors possess two critical fields, and although Hci is low, Hc2 can 
be very high.
Type II superconductors consequently fulfil one of the requirements of a material 
used for a superconducting magnet, in that superconductivity persists in the presence of 
the necessary high fields. Other requirements for magnet applications are that the 
material should sustain a large transport current and should also be reasonably 
mechanically flexible.
Having so far considered the static vortex structures, we now turn to examine 
vortex motion. Consider a transport current of density J flowing through a 
superconductor in the mixed state. Since magnetic flux passes through each vortex core,
there will be a Lorentz force acting on each vortex given by (J x (f>oz) 1$, where 1̂ is the
vortex length. The effect of this force is that flux lines will tend to move transverse to the 
current, and in moving they will induce an electrical field parallel to the current; this will 
act as a resistive voltage [17]. (This dissipation may be seen either in terms of 
electrodynamics or from the voltage produced by the changing phase due to the moving 
flux line.) This is a very important result. Although the Cooper pair exists, the electrical 
resistance is no longer zero, due to the motion of the vortices.
Within real superconducting materials, chemical and physical defects may reduce 
the local superconducting condensation energy, and exert forces on the vortices, keeping
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them pinned at the defect locations. As long as the vortices do not move, zero electrical 
resistance will be maintained. Once the Lorentz forces exceed the pinning forces, 
however, the vortices will move, and there will be dissipation. Vortex dynamics separate 
into at least two different regimes. If the vortices move freely and pinning is not 
important, the resulting dissipation is known a s  f l u x  f l o w .  Thermal activation can depin 
the vortices from their wells, leading to another regime of behaviour, namely, f l u x  c r e e p .
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Fig.2.3. Radial variations of the order parameter and the local magnetic field at a 
vortex, showing the characteristic length scales of £, and X. The order parameter is zero 
at r = 0, the vortex core centre [13].
Fig.2.4. Phase diagram for conventional type II superconductors.
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2.3. Theories on Superconductivity
i. London Theory
After the discovery of the Meissner effect in 1934, F and H. London [20] used 
ideas based on a two-fluid model (that is, the conduction electrons in a superconductor 
are divided into two classes: superelectrons and those in the normal state), and 
established that the flux density H(x) at a point x within a superconductor is given by
32H(x) / 9x2 = H (x) / v 2 (2.5 )
where X L is the London penetration depth. The solution to the differential equation in 
one dimension gives
H(x) = H (0) exp (- x / X L )  (2 .6)
which shows that the flux density decreases exponentially within the surface layer and 
essentially disappears when x is much greater than A,l, a result which accounts for the 
Meissner effect in a macroscopic sample.
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The dependence of the London penetration depth on temperature is given by
M T ) = W a/[1 -(T /T c)4] (2.7)
where X,L(0) is the X L  at absolute zero temperature and Tc is the transition temperature for 
the superconductor. Equation (2.5) indicates that the penetration depth is dependent 
upon temperature whereas at low temperature it is nearly independent of temperature. 
Above 0.8 Tc, however, the penetration depth increases rapidly, and it approaches 
infinity as the temperature approaches the transition temperature. ^(0) is of order of 1 Â 
for elemental superconductors.
The London theory was developed from a phenomenological basis and it gives a 
fairly good description of the Meissner effect. There are, however, a number of 
superconductor properties which cannot be explained by the London theory. One 
obvious limitation of the theory is that it is essentially a classical theory which treats the 
electrons as classical particles having no wave properties (as found in quantum 
mechanical treatments). The important assumptions made in the London theory, namely 
that the penetration depth X L  is independent of both the strength of the applied magnetic 
field and the specimen dimensions, is not strictly true, especially in a strong magnetic 
field or for a sample having a high aspect ratio leading to a large demagnetising factor.
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ii. Ginzburg-Landau Theory
In 1950 Ginzburg and Landau [23] presented a hybrid quantum mechanical- 
phenomenological treatment based on a complex wave function for the superconducting 
electrons utilising the variational principle. One the greatest successes of this theory was 
that it indicated the existence of the mixed state in superconductors.
The theory introduced two parameters, the coherence length, and the 
penetration depth, X ,  which can be estimated from experimental measurements. While 
the penetration depth is a characteristic length of the static magnetic flux into a 
superconductor (section 2 .2 ), the coherence length is essentially the shortest distance 
from a superconducting-to-normal boundary within which there may be a significant 
change in the concentration of superelectrons [24]. The ratio of these two constants is 
called the Ginzburg-Landau parameter, Kgl = X  / While both £, and X  diverge at Tc, 
their ratio, Kgl, does not depend on temperature when close to Tc. According to the 
Ginzburg-Landau theory, the difference in surface energy between the superconducting 
and the normal state is about ^Hc2 / 87c, and the diamagnetic energy loss is A,HC2 / 87t. It is 
evident that the surface energy for forming a normal region with a superconducting 
material is positive for Kgl < 1 (the exact value is 1/ V2 [25]) and negative otherwise. 
The positive surface energy results in a domain pattern for the intermediate state of a 
superconductor with dimensions ranging from the microscopic coherence length x to the
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macroscopic sample size. For the case of Kgl > 1, however, the subdivision into domains 
proceeds until it is limited by the microscopic length £, forming the mixed state.
iii. BCS Theory
In 1957 Bardeen, Cooper and Schrieffer [21] proposed a complete microscopic 
theory of superconductivity that is usually referred as the BCS theory. The basis of the 
theory is the interaction of a gas of conduction electrons with the elastic waves 
(phonons) of the crystal lattice. Ordinarily the electrons repel each other by the coulomb 
force, but in the special case of a superconductor at a sufficiently low temperature there 
is a net attraction between two electrons to form the so-called C o o p e r  p a i r s .  As a result 
of this attractive interaction, a 'condensed state' of highly correlated pairs of conduction 
electrons is formed below Tc. In the highly correlated coherent superconducting state the 
distance between two electrons of the Cooper pairs is referred to the coherence length, 
All Cooper pairs move in a single coherent motion. As such, a local perturbation, like 
an impurity, cannot scatter an individual pair. Once this collective, highly co-ordinated 
state of coherent 'superelectrons' is set in motion, its flow occurs without any energy 
dissipation.
In the BCS theory, the transition to the superconducting state (i.e. thermal 
energy of a superconducting electron at temperature Tc) is given by
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kBTc = (h / 2jt ) fflb exp [ -1/ N(0)V] ( 2 . 8)
where Cflb is the Debye frequency of the lattice , N(0) is the density of states at the Fermi 
surface, V is the effective electron-electron attraction potential, and kB is the 
Boltzmann constant equal to 1.3807 x 10' J.K' . Equation (2.6) yields insight 
concerning the enhancement of the superconducting transition temperature, Tc. It is 
dependent upon the frequency of the lattice vibrations, the density of states of carrier 
electrons and the net attractive potential between the paired electrons
The BCS theory has been successful in explaining essentially all of the 
phenomena associated with the superconducting state, including the specific heat, critical 
field, and electron tunnelling phenomena. In addition, predictions by the theory have 
stimulated exploratory experimental studies which have resulted in uncovering new 




Researchers are often asked what is new about the high-temperature 
superconductors, other than their elevated transition room temperatures. In some ways 
these superconductors display fundamental properties very similar to conventional 
superconductors, but in other ways they are quite different. In low-Tc materials, pinning 
is usually large and typical thermal energies are comparatively small so that the effects of 
thermal activation across pinning barriers are small. High-Tc materials, by contrast, have 
lower pinning energies due to small normal cores and thermal activation can therefore be 
highly significant. Figure 3.1 shows that the effect of a magnetic field on the resistive 
transition in a low-Tc material is to depress the transition temperature as a consequence 
of the upper critical field. In a high-transition temperature superconductor, the transition 
is broadened by the magnetic field rather than being depressed, and this is a consequence 
of the dissipation arising from the vortex motion. This difference has important 
consequences even for something as simple as the transition temperature. Although Tc is 
easy to define for the low-Tc systems as the zero-resistance temperature, this is not 
applicable for the smeared transitions of high-Tc superconductors. Many of the 
differences between the old and new superconductors may be related to the coherence
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distance of the superconducting wave function introduced earlier in this section. That 
length is much shorter in the case of the high-Tc materials, leading to the reduction of the 
pinning energy and the importance of grain boundaries in these materials, as will be 
discussed later. The Cu-bearing high-Tc materials are also highly anisotropic, consisting 
of many copper-oxide planes. This property leads to an even shorter range of coherence 
perpendicular to the layers. Table 3.1 gives approximate values for these fundamental 
length scales in high temperature and low temperature superconductors [13,19]. (The 
notations a, b, c refer to the directions with respect to the crystallographic axes: a and b 
are in the copper-oxide planes, while c is perpendicular to them). The discovery of new 
families of copper-free oxides (such as Ba0.6Ko.4Bi0 3) superconductors having relatively 
high Tc values has raised important questions whether the mechanism of the high 
temperature superconductivity can be postulated mainly in terms of properties of the 
copper-oxygen network or only the oxygen network. The studies performed by Gupta 
[26], and Reichardt and Weber [27] suggested that the properties of the oxygen 
network are mainly responsible for the superconductivity in BaPbo.75Bio.25O3 and 






Fig.3.1. Electrical resistance vs temperature for a thin film of niobium nitride in 
different magnetic fields applied perpendicular to the film [18].
Table 3.1. Values for fundamental length scales in superconductors [18]. .
BiSrCaCuO / YBaCuO TIBaCaCuO Nb
Transition temperature,Tc up to 95 K up to 130 K 9 K
Coherence length, ^ab 15 A 30 A 400 A
Coherence length,^ 2 A 1 A
-
Penetration length,Aab 1500 A 2 000  A 400 A
Lower critical field, Hci 10 mT 10 mT 0.1 T
Upper critical field, Hc2 300 T 60 T 0.3 T
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The main characteristic of the Cu-bearing-high Tc superconductors is that they 
mostly contain Cu-0 planes or sheets, which are believed to be the origin of high Tc 
superconductivity (see page 32). Table 3.2. lists some of the high Tc compounds, which 
have different numbers of C u02 planes in the unit cell.
It is still not clear whether the BCS theory of electron-lattice interaction can 
explain the high-Tc phenomenon in the perovskite-structured oxides. At the outset it 
seemed that the consistent presence of 2-dimensional C u02 planes in the Y- and Bi­
based superconductors provided an explanation of the considerably higher Jc values 
observed perpendicular to the c-axis. The high-Tc cuprates generally have p-type (hole) 
charge carriers but the fairly recently-discovered n-type (Ndi.x,Cex)Cu04 
superconductors provide an exception. In the cuprate materials, it was clear also that the 
best superconducting properties were developed when the formal valence of some of the 
Cu ions was +3, rather than +2, though this might also be explained by the presence of 
O' ions. However the (Ko.4Bao.6)Bi03 materials which have Tc = 30 K do not contain 
copper, and these cubic materials may be basically different from the anisotropic cuprate 
structures. In these structures according to the references [22-23,28], the phonon 
associated with the oxygen network plays a vital role in explaining the superconductivity.
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Table 3.2. A partial list of the HTSC. The ideal chemical formulas are listed; n is the 
number of the immediately adjacent Cu-0 planes in the unit cell, which is also the 
number of Cu-O planes per primitive cell [29].
Formula TC(K) n Notations
(La2.x Srx)C u04 38 1 214
(La2-xSrx)CaCu206 60 2 —
Tl2Ba2CuC>6 0-80 1 T12201
Tl2Ba2CaCu20 6 108 2 T12212
Tl2Ba2Ca2Cu30io 125 3 T12223
Bi2Sr2Cu06 0-20 1 Bi2201
Bi2Sr2CaCu206 85 2 Bi2212
Bi2Sr2Ca2Cu3Oio 110 3 Bi2223
(Nd2.xCex)C u04 30 1 T
YBa2Cu307 92 2 Y123
Y2Ba2Cu4Og 80 2 Y124
Y2Ba4Cu70 i 4 40 2 Y247
TlBa2C u05 0-50 1 T11201
TlBa2CaCu20 7 80 2 T11212
TlBa2Ca2Cu309 110 3 T il223
TlBa2Ca3Cu4On 122 4 T il234
HgBa2C u05 ? 1 Hgl201
HgBa2CaCu2 0  7 ? 2 Hgl212
HgBa2CaCu20 7 133 3 Hgl223
CaCu02 — 1 n=  00
(Nd,Ce,Sr)Cu04 30 — T*
(Bao.6Ko.4)Bi03 30 — BKBO
28
3.1. Bi-based High-Tc Superconductors
3.1.1. Crystal Structure
Immediately after the discovery of high-Tc superconductivity in the 
Bi-Sr-Ca-Cu-O system, the superconducting phases were identified as members of the 
homologous series BÌ2Sr2Can-iCun02n+4 (n = 1,2,3), and their crystal structures were 
determined [30-32] ( Table 3.3, Fig.3.2).
Taking into account the solid-solution character of the members of the 
homologous series, the chemical composition can be expressed more precisely by the 
formula BÌ2+x+ySr2-x-zCa n.i.y+zCun.v04+2n+5.The compounds have layered structures parallel 
to the crystallographic a, b-plane, consisting of rock salt like BiO bilayers that alternate 
with perovskite-like Sr2Can.iCun02n+2 units. The n = 2 and n = 3 members of the 
homologous series may be described as double BiO layers alternating with Sr2CaCu06 
and Sr2Ca2Cu308 units respectively. The Sr2Can.iCun02n+2 units contain Cu0 3 sheets, 
formed by comer-sharing CUO4 units, which are oriented parallel to the a, b-plane. The 
2201 phase which is also called as Raveau phase. The 2201, 2212 and 2223 phases are 
characterised by one, two, and three Cu02 sheets (n = 1,2,3), respectively.
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T able 3.3. S p ace group and lattice parameters o f  the superconducting com pounds.
n Phase Space group a (A) [a] b (A) [a] C (A) [a] Ref.
1 2201 [b] Amaa 3.79 3.80 24.62 28
2 22 12 Amaa 3.79 3.80 30.89 28
2 2 2 12 Fmmm 3.83 3.84 30.89 27
3 2223 14/mmm 3.81 3.82 37.00 30
[a] Depends on the chemical composition (see pages 44-45). [b] also called the Raveau phase
Thus, the general structure of all the members of the series consists of Cu02 
sheets which are separated by CaO sheets (for n > 1), and covered in the c-direction by 
SrO sheets. These perovskite-like Sr2Can-iCun02n+2 units alternate in the c-direction with 
BiO bilayers [2].
The phases exhibit a modulation in the direction of the crystallographic ¿»-axis. 
The spacing of this superstructure is about 4.74 times the ¿?-axis parameter [33-43] and it 
has the space group Penn or Pmnn [44]. The reason for this super-structure is a 
modulation of the BiO bilayers, [38, 45, 46] resulting in a regular alternation of the 
structure of the BiO bilayers. According to Le Page and Me Kinnon, [46] the modulation 
is caused by an alternation of the rock-salt structure and the perovskite-like structure of 
the BiO bilayer. On the other hand, Yamamoto et al. [38] describe an alternation 
between a quadratic pyramidal co-ordination of Bi and oxygen and an imperfect rock-
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salt structure. In addition, it is not yet clarified whether the modulation of the BiO 
bilayers results from excess oxygen in the BiO bilayers [42] or a non-ideal fit between 
the BiO bilayers and the perovskite-like Sr2Can.iCun0 3 units [41,45].
0
n = 1 n = 2 n = 3
Bi2(Sr,Ca)2C u06 Bi2Sr2CaCu20s Bi2Sr2Ca2Cu3Ot0
Fig.3.2. The unit cell of the 2201 (Raveau. n = 1), 2212 ( n = 2), and 2223 
phases (n =3) [2].
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The Bi-Sr-Ca-Cu-0 crystals have a mica-like leafy form, exhibiting pronounced 
cleavage parallel to the a , b - plane, due to the weak bonding between the neighbouring 
BiO layers [2].
3.1.1.1. Co-ordination and Bonding Behaviour
Physical and structural information indicates that superconductivity is achieved in 
copper-based oxides only when their crystal structures, chemical compositions, and 
carrier concentrations satisfy the following prerequisites[18]:
1 . Cu atoms form co-ordination polyhedra of O atoms, that is, [Cu04] square 
planes (Fig.3.3c), [Cu05] quadrangular pyramids (Fig.3.3b), and [Cu06] octahedra 
(Fig.3.3o), which are joined together by sharing corners to give two-dimensional IVCu02, 
vCuO, and VIC u02 sheets, respectively. A roman numeral at the upper left of each 
element is used here to designate its co-ordination number. Thus , ^ C a 2* denotes the 
eight-co-ordinated Ca2+ ion.
2. The two dimensional C u02 sheets in the Cu-bearing high-Tc superconductors 
are the electronic hearts of the copper oxides and believed to be the origin of high Tc 
superconducti vity.
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3. Carriers responsible for superconductivity are holes (p-type) or electrons 
(n-type) doped into the C u02 conduction sheets.
4. The superconducting transition temperature, Tc, reaches a maximum on doping 
with an appropriate concentration of carriers, that is, 0.15-0.2 per Cu atom into the 
Cu02 sheets.
5. Hole-doped superconductors have vCu02 or ^CuCb sheets.
6. Electron-doped superconductors always contain ^CuOo sheets.
Fig.3.3. a) IVC u02, b) vC u02, and c) vlCu02 sheets contained in superconducting 
oxides. Filled circle: Cu, open circle: O [18].
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The c-axis is usually set perpendicular to the Cu02 sheet even if another setting 
of axes is possible. For example, the space group of the low-temperature orthorhombic 
form for (Lai_x Srx)2Cu04 is selected to be not the standard Cmca space group but rather 
Bmab, where the a-,b-, and c-axes in Cmca correspond to a-, c-, and b-axes in Bmab, 
respectively.
As shown in Fig.3.4, the two-dimensional sheets are composed of Cu and O 
atoms. These Cu and O atoms are not necessarily exactly located on the same (flat) plane 
so their z co-ordinates may slightly differ from each other. Therefore, “Cu02 sheet” is 
preferred to “C u02” plane in what follows.
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Fig.3.4. Configuration of Cu (filled circle ) and O (open circle) on the CuO; 
sheet.Twice the Cu-0 bond length (0.378-0.394 nm) is approximately equal to the unit­
cell dimension, ap of the perovskite-type compound [18].
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The O atom that forms a Cu-0 bond parallel to the c-axis is often referred to as 
“apical oxygen”.
Each Cu atom on the C u02 sheet has four firm Cu-0 bonds on this sheet. Their 
Cu-0 interatomic distances of 0.189-0.197 nm indicate a large degree of covalency (i.e., 
strong bonding) since the distance between Cu and O ions is relatively short. However, 
bonds between Cu and apical oxygen are much longer, ranging in length from 0.22 to 
0.29 nm (i.e. more in line with an ionic model). In particular, axial Cu-0 bonds in most 
Hg- and Tl-containing superconductors are extremely long; apical oxygen ions are far 
nearer to Hg or T1 than to Cu. Such co-ordination behaviour is typical of the Jahn-Teller 
distortion, which reduces the energy of a complex molecule by opening an electronic 
energy gap between the degenerate states from bonding and antibonding pairs, expected 
for a Cu2+ d9 ion. In fact, high-energy spectroscopy revealed that holes occupy the 2p 
orbital of O rather than the 3d orbital of Cu. Each hole may be represented as (Cu-0)+ in 
view of the overlap of Cu 3d and O 2p orbitals. [45]
Holes may be doped into oxygen atoms on the C u02 sheet, apical oxygen, or 
both of them. Cu-0 bonds tend to shorten with increasing hole concentration (or 
decreasing electron concentration). The bond-valence-sum (which is a theory developed 
for determining the band structure of the materials under consideration [47]) calculated 
from Cu-O interatomic distances is somewhat useful for estimating the degree of carrier 
doping. For high-temperature superconductors, a purely ionic picture is not valid as
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discussed  above and considerable covalent character must be invoked. N evertheless,
Cu-bearing high-Tc superconductors obey the principles for building up of ionic crystals 
rather faithfully, and various methods of estimating structural stabilities or properties 
such as Pauling’s rule, effective ionic radii, bond-valence sums, and Madelung energies 
are applicable to them without serious errors.
The technical terms ‘layer structure” and “layered compound” have often been 
misused when referring to structural features of high-Tc superconductors. Typical 
layered compounds are graphite, Cdl2, PbO, and micas. In these compounds, interlayer 
bondings (e.g., van der Waals forces) are far weaker than intra-layers bonds. This often 
enables foreign atoms to be intercalated between the layers. Strictly speaking, the above 
terms should be applied for only Bi-containing superconductors, where the bonding 
between two BiO sheets is weak enough to intercalate I2 between them, in marked 
contrast with all the other high-temperature ceramic superconductors [18].
3.I.I.2. Lattice Defects
Considerable amounts of intergrowths usually occur in Bi-, T1-, and Hg-based 
superconductors containing Ca2+ ions, with the result that their real (average) 
compositions deviate considerably from the ideal ones. In their powder diffraction 
patterns, 00/ reflections tend to be broader than other reflections, and streaks along the
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c-axis are often observed in their selected-area single crystal electron diffraction patterns. 
Bi2Sr2Ca2Cu30 io+z would contain only (Cu0 2)3(Ca)2 type conduction sheets (Table 3.4.) 
if no planar defects were formed during its preparation process. High resolution 
transmission electron microscopy (HRTEM), however, revealed the extensive inclusion 
of intergrowths of (CuC^MCa), (Cu02)4(Ca)3 and other types [18]
Table 3.4. Classification of superconducting copper oxides. Ln: lanthanoid metal; 
A: alkaline-earth metal; R: rare-earth metal; (Cu0 2)2(Ri-xAx): (Cu02)(RizAz)(Cu02); 
(Cu0 2)3Ca2(Cu02)Ca(Cu02)(Ca)(Cu02); integer (4, 5, 6): coordination number of Cu 
on C u02 sheets [18].
No Block (Cu02) (Cu02)2 (Ri-ZMZ) (Cu02)3 Ca2
1 (Ln i _xMxO)Ln i _x AxO ) 6 5
2 (AO)(CuO)(AO) 5
3 (AO)(CuO)(CuO)(AO) 5
4 (A0)(T10)(T10)(A0) 6 5 4+5
5 (AO)(BiO)(BiO)(AO) 6 6 4+5
6 (AO)(PbO)(Cu)(AO) 5
7 (AO)(PbO)(Cu)(PbO)(AO) 6 5
8 (R )(02)(R) 4,5
9 (A0)(T10)(A0) 6 5 4+5
10 (AO)(Pb!.xCuxO) 5 5
11 (A 0)(N b02)(A0) 5
12 (AO)(GaO)(AO) 5 5
13 (AO)(Hg)(AO) 6 5 4+5
14 (AO)(Ci.xCuxOi-y)(AO) 6 5 4+5
15 (AO)(C,.xBxO)(AO) 6 4+5
In these heavy cation materials oxygen ions do not show up very well in X-ray 
diffraction but neutron diffraction could play a useful role in locating them.
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The locations of the O atoms in the BiO and TIO sheets in Bi- and Tl- containing 
superconductors are poorly defined owing to unusually large displacement from their 
ideal positions. Such displacements occur because the natural dimension of the BiO or Tl 
sheets does not match that of the Cu02 sheet. As discussed above the dimension of the 
G 1O2 sheet containing very firm Cu-0 bonds controls the overall lattice constants a and 
b. Consequently, the BiO/TIO sheets are “stretched”, a situation that leads to the 
relaxation of O atoms in these sheets from their ideal positions to achieve desirable Bi-0 
/ T l-0 bond lengths.
In Bi2Sr2CaCu208+z, which is basically isostructural with Tl2Ba2CaCu208, excess 
oxygen corresponding to z enters into the BiO sheet to expand it. The result is the 
appearance of an incommensurate modulated structure, as discussed previously (see 
page 30). The most outstanding feature is the displacement of Bi atoms from average 
positions. HRTEM revealed that Bi-concentrated and Bi-diluted bands alternate with 
each other along the b-axis (Fig.3.5) [48]. The R-type sheet (i.e., R: rare-earth metal, see 
table 3.4), BiO, owes its distortion to the entry of excess oxygen corresponding to z. The 
interstitial O atoms are located in the Bi-diluted bands, in which the Bi-Bi distance is 
larger than that in the Bi-concentrated band. Unfortunately, the excess oxygen, which is 
a light element, can be hardly seen in Fig.3.5.
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Fig.3.5. HRTEM image obtained by projection along the [100] direction for the 
superlattice (a ~ 5.4 A, b ~ 26 A, and c ~ 30.6 A) of E^SriCaCAbOs+z [48]. The two 
rows indicated by arrows correspond to BiO sheets. A unique incommensurate 
modulated structure can be seen.
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3.1.2. Phase Equilibria and Phase Stability
3.I.2.I. The Single Phase Bi2Sr2CaCu208 Regions
The 2212 phase exhibits an extended single-phase region with variable Sr, Ca, Bi, 
and oxygen content, which as explained below allows considerable deviations from the 
ideal formula Bi2Sr2CaCu208.
The number of oxygen atoms in the 2212 phase has been determined to vary 
between 8 and 8.3 [49-54] and to decrease with increasing sintering temperature in 
atmospheres where the oxygen partial pressure ranges between 10"5 and 1 atm [50, 54­
56] (Fig.3.6). The excess oxygen over 8 formula units is believed to be located within the 
BiO bilayers as discussed above [42, 46, 57]. The oxygen content of the phase appears 
to decrease with increasing Ca content [53]. However, the oxygen content of the 2212 
phase with increasing Ca, Sr, or Bi content has not been determined in detail, although 
this aspect is of fundamental interest because the critical temperature is believed to 
depend on the oxygen content of the phase [2].
The variation of Sr and Ca content of the 2212 phase has been described by 
several authors [56, 58-69] and the published results agree. With increasing equilibrium 
temperature, the width of the single-phase region shrinks and is shifted to Sr-richer
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compositions (Fig.3.7). At temperatures above 870 °C the Sr-rich phase decomposes. 
The Sr:Ca ratio of the critical composition of the 2212 phase has been determined by 
scanning electron microscopy and energy dispersive X-ray diffraction (SEM / EDX) to 
be about 2:1.




Fig.3.7. Temperature vs Ca content, y, in the E^.isS^.yCayCiuOs+s phase 
[56, 66-67].
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The variation of the Bi content of the 2212 phase has been reported by various 
groups [56, 58-60, 62, 63, 66-68]. Bi3+ and alkaline earth metals can substitute for one 
another, as is known from the (Sr, Ca)0-bismuthates [70]. Unfortunately, the published 
results do not agree among themselves. A significant variation of the Bi content between 
Bi2.o5 and Bi2.3 has been reported [56, 66-67] at a Sr:Ca ratio of 2:1 (Fig.3 .8). With 
increasing temperature and both increasing and decreasing Ca content, the variation of 
the Bi content decreases [60, 62, 63, 66, 68] (Fig. 3.9). The composition of the 2212 
phase has been determined by SEM / EDX to be about Bi2.i8Sr2CaCu0 8+5, where 5 is the 
oxygen index (Fig.3.6). The samples utilised for Figs, 10, 11, 12, 13 were calcined at 
750 °C for 24 hours in air and subsequently at 800 °C for 48 hours as powder (starting 
powders were carbonates and oxides), and then pressed and sintered for 24 hours at 
800 °C, 810 °C, 820 °C, 840 °C, 850 °C, and so on in air, respectively. Subsequently, the 
samples were reground, pressed and sintered at the same temperature for 60 hours in air. 
In contrast, Muller et al. [62-63] described a more extensive variation of the Bi content 
between Bii.78 and Bi2.4 at a higher Ca content of about Sr:Ca = 1.65:1.35 to 1.5:1.5, 
which agrees with the data published by Sinclair et al. [64] and Nomura et al. [68], 
where samples prepared from the carbonates and oxides as starting powders were 
calcined in air at 750-800 °C for 75-160 hours with intermittent grindings; the calcined 
samples were then milled and pressed and annealed at 830 °C in air for 140-500 hours. 
Holesinger et al. [58] made Bi-2212 samples by heating at 5 °C/ min and by holding at 
865 °C for 100 hours, and at the end of each anneal, by quenching in air. Knizek et al. 
[69] calcined the carbonates and oxides of the starting powder at 700, 780, and 800 °C
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for 20 hours, pressed them into pellets and sintered at 820 °C for 20 hours and then 20 
days at 850 °C in three steps with intermediate grinding. Both groups [58,69] published 
chemical analyses of 2212 determined from TEM / EDX and microprobe measurements 
of Bi-rich and Bi-poor multiphase samples. These analyses fit the phase diagram data of 
Majewski and co-workers [56, 66-67].
The reason for these discrepancies is not obvious, and therefore an uncertainty 
with respect to the exact variation of Bi content of the 2212 phase still remains. 
Nevertheless, it is clear that the 2212 phase exhibits a significant variation of the Bi 
content that is comparable to that of the Raveau phase (2201 phase), which also exhibits 
varying Bi contents at contents at Ca-free compositions. The largest solid solution range 
is given by Ikeda et al. [71] for BÍ2+xSr2-xCai+yOz with 0.1 < x < 0.6 and 0 < y < 0.5x. 
Similarly, as the Ca content of the Raveau phase ( 2201 phase) increases, the available 
variation of the Bi-content also decreases [62, 63, 70].
By analogy between the 2212 and Raveau phases, it is believed by Majewski et 
al. [2] that the 2212 phase exhibits the greatest available variation of the Bi content at a 
Sr:Ca ratio corresponding to the Sr:Ca ratio of the ideal formula of the phase 
(Sr:Ca = 2:1).
The variation of Sr, Ca, and Bi content of the 2212 phase give rise to a 
pronounced change of the c-axis parameter [58, 59, 62, 63, 66-69].With increasing Ca
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content the c-axis parameter decreases (Fig.3.10), whereas with increasing Bi content 
the c-axis parameter increases (Fig.3.11). These observations are in good agreement 
with the known volume of the ions (ionic radii for six-fold co-ordination: Bi3+ = 1.17 À 
and Ca2+ = 1.00 À).
Investigation of the homogeneity range of the 2212 phase confirms that the 
formal composition BÌ2Sr2CaCu208 (2212) is not included in the single-phase region of 
the 2212 phase [58, 59, 62, 63, 65-67] (see also Fig.3.10). Therefore, samples with the 
form 2212 metal composition always contain secondary phases, which are Ca2CuO?, 
Sri4-xCaxCu2404i-y (x ~ 7), and Sr3.xCaxBi2.o6Oy (x ~ 1) [62, 70, 72].
In contrast to the 2212 phase, the 2223 phase exhibits only a very narrow 
variation of the Sr and Ca content, i.e., approximately 1.9:2.1< Sr:Ca < 2:2 [73-77]. As 
observed for the 2212 phase, Endo et al. [76] reported a decrease of the c-axis 
parameter of the 2223 phase with increasing Ca content from 37.03 À (“Ca-poor”) to
o
37.08 A (“Ca-rich”), see Fig.3.12. In addition, the phase exhibits a significant excess of 
Bi (or [Bi+Pb] in the case of the lead-doped 2223 phase), which has been determined to 
be about Bi2.5([Bi+Pb]2.2) [73-77] (see below). Therefore, the formal chemical 
composition of the 2223 phase is also not included in its single-phase regions.
The substitution of Pb for Bi is found to promote the crystallisation of the 2223 
phase [78-80] and, Pb doping shifts the phase stability to lower temperatures (unleaded
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2223 phase: 840 °C - 890 °C, 2223 phase defined with x ~ 0.4 formula units of Pb: 830 - 
880 °C [81]). The Pb solubility in the Bi site of the 2223 phase, as well as in the 2212 
phase, exhibits a pronounced temperature dependence [82-83] (Fig.3.13). Nevertheless, 
the effect of PbO substitution on the crystallisation of 2223 phase has not yet been 
completely clarified [84, 85]. The oxygen content of the 2223 phase has not yet been 
investigated in detail either. Nonetheless, first results show that the phase exhibits an 
oxygen excess of approximately 0 < 5 < 0.8 [86-87].
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X
Fig.3.8. Temperature vs. Bi content, x, in the BixSr2CaCu20 8+5 phase[56, 66, 67],
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• Bi
Fig.3.9. The single phase region of the 2212 phase within the composition range 
BixSr3.yCayCu20 8+5 (2 < x < 2.35, 0.7 < y < 2) at 820-870 °C in air [66. 67], Circles: 
multiphase samples; filled circles: single phase samples; crosses: EDX analysis of 2212 
crystals of multiphase samples.
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Fig.3.10. After the references [37,54,59,66,67], The crystallographic c-axis 
lattice parameter of the 2212 phase vs the Ca content of the 2212 phase for 
Bi2.i8Sr3.yCayCii2C>8+6 (black squares: [66, 67] (for heat treatment see page 35, 36) ; gray 
squares [54] (see page 35, 36); black rhombus: [59] where the samples were made by 
calcining of carbonates at 800 °C for 15 hours in air, Pb-nitrate was added after 
calcination to obtain 2223 samples which were reground and calcined at 760 °C for 13 
hours in air, and then fired at 860 °C for 7 days in air with three intermediate grindings, 
and finally given a 2-hour oxygen anneal at 860 °C; black stars: [62, 63] (see page 
35,36); gray stars: [37])
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Bi content (see page 43) [66,67].
Fig.3.12. The length of the crystallographic c-axis of the 2223 phase vs the 
Sr/ Ca ratio for samples described on page 43 [76].
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Fig.3.13. %Pb (rhombs); %Bi (squares) (from the samples prepared by sintering at 
840-890 °C in air for 60 hours); %(Bi+Pb) (stars) (from the samples prepared by sintering at 
830-880 °C in air for 60 hours) values of the 2223 phase vs sintering temperature. Where 
% denotes the Pb solubility in the Bi site of the 2223 phase, as well as 2212 phase [2].
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The schematic phase diagram in Fig.3.14 shows the stability ranges of the 
superconducting phases and the phase relations in the concentration range between 
Bi2Sr2CuOx (the “Raveau phase”) and Bi2Sr2Ca2.6Cu3.6Ox. In this diagram the 
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Fig.3.14. Temperature vs concentration diagram (schematic) within the 
concentration range “Bi2Sr2CuOx” (Raveau phase) to Bi2Sr2Ca2.6C1i3.6O11.2 , for samples 
prepared by a two-stage procedure: a) mixing and calcination of carbonates and oxide of 
Sr, Ca, and Cu respectively at above 900 °C for 5 hours with intermediate grinding, b) 
mixing resultant powder with Bi and lead oxide, reacted at 830 °C, and pressing into 
pellets and sintered at various temperatures for durations of 17 and 200 hours within the 
explored range, and then quenched in air or in liquid nitrogen [74].
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The temperature stability ranges of the superconducting phases differ 
significantly. The 2223 phase is stable only within a narrow temperature range of about 
50 °C [74,81] (Figs.3.7, 3.8, 3.9, 3.14). The 2212 phase is stable up to about 895 °C [56, 
66, 67, 81] and melts incongruently (Figs.3.7, 3.8, 3.9, 3.14). First crystallisation of the 
2212 phase from a glass in air with the composition “Bi2Sr2CaCu20x” was reported to be 
at about 600 to 660 °C in air as shown by DTA in references [88], and [89]. The melting 
point of the Raveau phase was determined to be at about 910 °C in air [70, 88], but the 
exact lower stability temperature is not yet known.
With increasing n-value in Bi2+xSr2Can_iCun0 4+2rl+s the melting temperature and 
the temperature stability range of the compounds decrease. Therefore, very limited 
temperature stability ranges of additional compounds of the homologous series with n > 
3 (e.g., “Bi2+xSr2Ca3 Cu4Ox) can be assumed [2].
In general, XRD and resistivity temperature dependence measurements do not 
provide evidence for the existence of 2223 phase in samples with the composition 
Bi2Sr2Ca2Cu3Ox, that were sintered at 850 °C for < 24 hours via oxide route. This is 
correlated with the observation that the crystallisation of near single-phase 2223 phase 
via solid state reactions requires extended annealing times of more than 100 h [70, 88]. 
However, in multiphase samples containing a liquid phase, the crystallisation of the 2223 
phase is strongly accelerated, even at temperatures of about 850 °C [70].
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C onsidering the phase equilibria o f  the system , the form ation o f  the high-
temperature superconducting phases can be expressed by the following equations [2].
Raveau phase (2201 ) + Ca2C u03 + CuO - ^ 2 2 1 2  (3.1)
2212 + Ca2C u03 + CuO -> 2223 (3.2)
Taking into account the chemical composition of the phases determined from 
EDX analysis, the reactions can be expressed more precisely as:
Bi2.iSri.9Cu06+ô + 1/2 Cai.8Sr02CuO3 + 1/2 CuO —̂ (3.3)
Bi2.iSr2Cao.9Cu20 8+ô
and 1.11 Bi2.25Sri.74Cai.26Cu208+5 + (3.4)
0.335 Cai.8Sr02CuO3 +0.445CuO —̂ Bi2 5Sr2Ca2Cu3Oio.33+i.n5
A remarkable aspect of the reaction (3.4) is the relatively high Ca content of the 
2212 phase ( Sr:Ca = 1.74:1.26). The 2212 phase with that Ca content decomposes at 
about 880 °C in air, forming the Sr-richer 2212 phase, Ca2C u03 and liquid (Fig.3.7). 
This decomposition reaction of the 2212 phase appears to be the reason for the increased 
formation rate of nearly single 2223 samples at temperatures above 880 °C [73, 74].
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3.I.2.2. Three Oxides
i. The Bi203-Sr0 -Cu0 System
The binary system Bi203-Sr0  was reported by Guillermo et al. [90] and has been 
investigated by Roth et al. [91, 92]. Besides the three intermediate compound SrBi20 4, 
Sr2Bi205 and Sr3Bi2C>6 reported by Guillermo et al., Roth et al. found a new compound, 
which is estimated to have the stoichiometry Sr6Bi20 9, and a high temperature 
polymorph of SrBi204, which is stable between 825 °C and 940 °C. In the system SrO- 
CuO the compound Sri4Cu240 4i.x exists in addition to the well known Sr-cuprates, 
Sr2C u03 and SrCu04. The binary Bi20 3-Cu0 system diagram was originally published by 
Cassedanne et al. [93] and has been revised by Ikeda et al. [71] and Saggio et al. [94], 
This system contains the intermediate compound Bi2Cu04, which melts congruently at 
T = 850 °C. Eutectics exist among Bi2Cu04, CuO and Bi20 3 at about 820 °C and 770 °C, 
respectively.
The most important compound in the context of high temperature 
superconducting in the ternary Bi203-Sr0 -Cu0  system in air at temperatures between 
800 °C and 900 °C are the Bi2Sr2C u06+5 (2201) and a compound called “the solution of 
the ideal 2201 phase” or the Raveau phase”. These compounds have been reported by 
several authors [70, 71, 91]. This solid solution phase is a superconductor with a Tc of 
0-20 K [94]. The existence of the ternary compounds Bi2Sr3Cu20s and Bi4Sr8Cu50 i9
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have also been reported by Roth et al. and Ikeda et al. [71,91]. The Raveau phase exists 
in equilibrium with CuO, Sri4Cu2404i-x, Bi2Sr2C u06+§, SrBi20 4 and y as well as the (3 
phases from the binary system (Fig.3.15) [70]. The y and the (3 are the rhombohedral and 
bcc solid solutions of the Sr-bismuthates, respectively. As seen in Fig.3.15, the 2201 
phase forms two- and three-phase equilibria with Sri4Cu240 4i.x, Sr3Bi20 6, Bi2Sr3Cu208, 
Bi4Sr8Cu50i9.
SrO
Fig. 3.15. The ternary system Bi20 3-Sr0-C u0 at T = 850 °C in air
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ii. The Bi203-Sr0 -Ca0 system
This system (Fig.3.16 and Fig 3.17) [70] is characterised by the extended solid 
solutions of the Sr-bismuthates just mentioned, but no ternary phases exist. The Sr- 
bismuthates dissolve considerable amounts of Ca ions; in contrast, the corresponding Ca- 
bismuthates have only a small capacity for substitution of Ca ions by Sr ions (the largest 
solid solution range is given by Ikeda et al. [71] for Bi2+xSr2-xCui+yOz with 0.1 <x < 0.6 
and 0 < y < 0.5x - see page 44). For the bismuthate Sr6Bi20 9 an orthorhombic symmetry 
with a = 8.528 A, b = 8.373 A and c = 8.492 A was found [70]. The result is in 
good agreement with the data reported by Ikeda et al [71] who made the samples by 
firing at temperatures ranged from 700-1000 °C in air for 48-150 hours, with intermittent 
grinding, mixing, and pelletising processes; and found that the superconductors in the Bi- 
Sr-Cu-0 system crystallised in a very narrow range of a series of solid solutions with 
nonstoichiometric compositions. However, it contradicts the data reported by Roth et al. 
[91] who made samples by firing pellets at various temperatures from -600 °C to 850 °C. 
with grinding and repelletising between each treatment for 16-20 hours in air, and 
quenching by dropping into a liquid He-cooled container; and found that 
superconductivity for Bi2.2+xSri.8-xCui±x/205 phase apparently occurred only in 
compositions that correspond to negative values of x, i.e., Bi2Sr2Cu06 with monoclinic 
symmetry, space group C2/m or Cm, a = 24.472 A, b = 5.4223 A ,  c  =  21.959 A. 
Considering the symmetry of the phase as well as the necessary volume of the ions, a 
Sr7Bi2Oio stoichiometry also appears to be possible [70], whereas EDX analysis suggests
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Fig.3.16. The ternary system Bi20 3-Sr0-Ca0 at T = 750 °C in air [70].
SrO
CaO
Fig.3.17. The ternary system Bi20 3-Sr0-Ca0 at T = 850 UC in air [70J.
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iii. The SrO-CaO-CuO system
The system (Fig.3.18) [70] is divided by the (Ca,Sr)2C u03-solid solution into an 
alkaline-earth rich part, exhibiting one extended two-phase equilibrium between 
(Ca,Sr)2C u03 and (Ca,Sr)0 solid solution, and a Cu-rich part. The Cu-rich part contains 
two Sr-cuprates as well as the new ternary phase Sr0.i5Cao.85Cu02 (Fig.3.18) [70]. The 
Sr-cuprates SrCu02 and Sri4Cu240 4i.x have a large Ca solubility up to a Sr:Ca ratio of 
1:1 (Fig.3.18 and Fig.3.19). The ternary phase Sr0.i5Ca0.85CuO2 was reported by Roth et 
al. [95] for 950 °C. It can be regarded as the end member of the above mentioned 
homologous series Bi2Sr2Can.i0 2n+4, in which all Bi layers have been removed, leaving 
only Cu layers which alternate with Ca and Sr layers. Sro.isCao.ssCuCT involves the 
superconducting phases 2201, 2212 and 2223. Sr0.i5Cao.85Cu02 is stable above 900 °C 
and melts at about 1000 °C in air. This phase is non-superconducting, despite its 
structure, and all efforts to render the phase superconducting by doping have been 
unsuccessful [70]. The phase equilibria for 950 °C in Fig.3.19 [70], including 
Sro.i5Cao.85Cu02, are in disagreement with the results published by Roth et. al [95], who 




Fig.3.18 The ternary system SrO-CaO-CuO at T = 850 °C in air [70].
SrO
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iv. The Bi20 3-C a0-C u0 System
This system contains no ternary phases or no binary solutions. At 350 °C, two 
three-phase equilibria exist between solid phases, namely Ca0 -Ca2Cu03-Ca7Bi60 i6 and 
Cu0 -Ca2Cu03-Ca7Bi60 i6 [70]. Due to the existence of a wide liquidus field, starting 
from the binary system Bi20 3-Cu0 at approximately 60 mole %  CuO and dominating 
the ternary system for concentrations above ~30 mole %  Bi20 3, the binary compounds 
Ca7Bi60i6, Ca7Biio022, y  phase and a  phase must be in equilibrium with this melt [70] 
(see Fig.3.20).
3.I.2.3. Four Oxides
All known compounds existing in the quaternary system Bi20 3-Sr0-Ca0-Cu0 at 
850 °C are shown in the phase diagram in Fig.3.20 [70,96,97]. For a constant oxygen 
partial pressure (air) the phase diagram comprising five elements, or four components 
(oxides), is given by an equilateral tetrahedron, the edges of which represent isothermal 





Fig.3.20. Compounds in the quaternary system E^CVSrO-CaO-CuO at 850 °C in 
air [70, 96, 97].
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From current knowledge of the phase equilibria in the quaternary system it is 
evident that the 2212 phase would be detected easily (Fig.3.7, 3.8, 3.9, 3.14), because it 
is thermodynamically stable over a wide temperature range and in the presence of the 
compounds existing in this system. In contrast, the 2223 phase is stable only within a 
narrow temperature range and exhibits phase equilibria with only a few of the 
compounds existing in the system (Fig.3.7, 3.8, 3.9, 3.14).
The system is characterised by extended three-phase equilibria due to the large 
Ca solubility of the Sr-bismuthates, Sr-cuprates, and the Bi2+xSr2.xCu06+8 (Raveau) and 
2212 phases. Between these three-phase equilibria there exist flat four phase equilibria. 
Therefore, small variations in the composition and temperature lead to pronounced 
changes in phase equilibria and phase distribution.
Studies of the phase relations within the quasi-quaternary system Bi20 3-Sr0- 
CaO-CuO have been performed by several groups. The considered temperatures are 
different 800 °C (Hong et al. [98]), 830 °C (Muller et al. [62, 63]), 850 °C (Schulze et al. 
[70], De Guire et al. [88], and Lee et al. [99]), 860 °C (Hong and Mason [59]), 865 °C 
(Holesinger et al. [58]), 870 °C (De Guire et al. [88]), 900 °C (Lee et al. [99]), 800­
1100 °C (Strobel et al. [81]). Therefore, the phase relations within the system have been 
obtained over a wide temperature range. The published data agree very well and 
complement one another, whereas as mentioned earlier significant discrepancies still exist
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in the quasi-ternary system Bi20 3-Sr0-Ca0. New quasi-ternary phases 
(i.e.,“Bi3Sr4Ca3Ox” and “Bi2SrCaOx”) within the system have been described by three 
groups [100-102] but not by Majewski et al. [2].
The 2212 phase equilibrates with most of the compounds existing in this system. 
About 15 types of four-phase equilibria involving the 2212 phase have been reported 
[62, 70, 98] (Table 3.5). In contrast, the 2223 phase equilibrates with only Ca2C u03, 
(Sr,Ca)i4Cu240 4i.x, CuO, the 2212 phase and the liquid [73-77, 81, 88] (Table 3.6.)







2212-2223-Ca2C u03-Sri4Cu240 4i_x 
2212-2223-Sr i4Cu240 4i.x-Cu0 










2223-Sr i4Cu240 4i-x-Cu0-22 12 
2223-Sri4Cu240 4i.x-Ca2C u03-2212
Fig.3.21 shows the section Bi203-(Sr0 +Ca0 )/2-Cu0  through the quaternary 
system Bi203-SrO-CaO-CuO at 850 °C in air. It should be emphasised that the 2223 
phase is surrounded by very flat two-, three-, and four-phase equilibria. Therefore, a 
small deficiency of CuO and /or Bi20 3 during the preparation of the 2223-phase sample 
results in a pronounced decrease of the volume content of the phase. On the other hand, 
an excess of Bi20 3 and CuO results in the formation of the 2223 phase in addition to 
CuO and the liquid, which is known to support the crystallisation of the 2223 phase 
[70,81,88].
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SrsCaBizQa + 
CaO + SriCuOj
SfTCaBijOe + 7 + CaO + liquid











Fig.3.21. Section l/2(SrO + Ca0)-Bi20 3-Cu0 through the system Bi20 3-Sr0- 
CaO-CuO at 850 °C in air [2].
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3.1.2.4. Five Oxides
The presentation of an entire six-component system represented by the system 
Bi-Pb-Sr-Ca-Cu-0 at varying temperatures and constant pressure requires a six 
dimensional space. Several reasonable simplifications have to be made in order to reduce 
the amount of components to get a represantable system.. Therefore, Majewski et al. 
[83] considered the metal oxides Bi203, PbO, SrO, CaO, CuO, as components instead of 
the elements, resulting in a reduction of the amount of components from six to five. They 
also simplified the system further by keeping the temperature and the compositions of 
three oxides constant, so that they could represent the system in form of a concentration 
tetrahedron.
The varying Pb solubility in the 2223 phase as a function of temperature is a 
limiting parameter for the processing of single phase 2223 material (page 45 and 
Fig.3.13). The arrows in Fig.3.22 and Fig.3.23 [83] indicate what happens when a Pb- 
containing sample is synthesised at 850 °C and slowly cooled as usually done with 2223 
tapes after sintering. Upon this slow-cooling the composition immediately leaves the 
single phase region and turns into a multi-phase assembly consisting of 2223 with a 
lower Pb-content, together with other phases.
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Fig.3.24 [83] shows a schematic section through the homogeneity region at 
850 °C including the determined three, four, and five phase regions in the vicinity of the 
2223 phase. In Table 3.7 [83] all known four- and five -phase regions are listed.
Fig.3.25 [83] presents a section through the concentration tetrahedron of the 
quasiquartemary system (Bi,Pb)203-Sr0 -Ca0 -Cu0  with a fixed Bi:Pb ratio of 1.8:0.4. in 
Table 3.8 [83] all equilibria found for 850 °C are listed. The 2223 exhibits different 
equilibria with solid phases (d, e, m, n) and two four-phase equilibria (f and h) in which a 
liquid phase is involved.
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oo
Fig.3.22. Schematic three dimensional representation of the homogeneity region 
of the 2223 phase regarding temperature, Bi and Pb contents [ 83].
71
900




liquid + Ca2Cu03 + Sr14Cu24041 + CuOJ
0.4 0.3 0.2 0.1 0
X
Bl2 .21-x PbxSr2-yCa2+yC U 30 lO ^
Fig.3.23. Schematic section through the homogeneity region shown in Fig.3.22 
and surrounding phase regions [83].
72
Fig.3.24. Schematic section through the 2223 homogeneity region at 850 °C 





Fig.3.25. Section through the concentration tetrahedron of the quasiquaternary 
system (Bi,Pb)20 3-Sr0-C a0-C u0 with the constant Bi:Pb ratio of 1.8:0.4. white circle 
in field d: sample A (calcined at 750 °C for 12 h in air). White circle in held h: sample B 
(calcined at 780 °C for 24 h in air); white circle in field f: sample C (calcined at 800 °C 
for 12 h in air ) [83].
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Table 3.7. Four- and five-phase regions including the 2223 phase.
Four phase region: ....
2223 + 2212 + Ca2Cu03 + Sri4Cu2404i 
2223 + 2212 + Ca2C u03 + CuO 
2223 + 2212 + Sri4Cu2404i + CuO 
2223 + 2212 + Sri4Cu2404i + 451 
2223 + Sri4Cu2404i + CuO + liquid 
2223 + Ca2C u03 + Sri4Cu2404i + liquid 
2223 + Ca2C u03 + CuO + liquid 
2223 + Ca2C u03 + CuO + Ca2Pb04
Table 3.8. Phase equilibria at 850 °C together with the letters corresponding to the phase 
fields in Fig.2.30.
a Sr3Bi20 6 + Ca2C u03 + SrCu02
b Sr3Bi206 + Ca2C u03 + SrCu02 + Sri4Cu2404i
c 2223 + Ca2C u03 + 2212 + Sri4Cu2404i
d 2223 + Ca2C u03 + CuO + Sri4Cu2404i
e 2223 + Ca2C u03 + CuO + liquid
f 2223 + Ca2C u03 + CuO + liquid
g Ca7Bi6Oio + Ca2C u03 + CuO + liquid
h 2212 + 2223 + liquid + CuO
i 2212 + 2201 + liquid + CuO
j 2212 + 2201 + CuO + Sri4Cu2404i
k 2212 + SrCu02 + Sr3Bi206 + Sri4Cu2404i
1 2212 + Sr3Bi206 + Sri4Cu2404i
m 2212 + 2223 + CuO + Sri4Cu2404i
n 2212 + 2223 + Sri4Cu2404i
0 2212 + CuO + Sri4Cu2404i
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Finally, it should be emphasised that a thermodynamic description of the 
superconducting phases of the system Bi-Sr-Ca-Cu-0 is necessary in order to control the 
reaction path of the high-Tc phases and to predict possible reactions of the phases with 
additional materials, i.e., substrates and containers, or additional elements, i.e., carbon, 
sulphur, lead, silver, during the technological processing of these challenging materials.
3.1.3. Microstructure
3.I.3.I. Twins
It has been found that structural modulations lower the tetragonal symmetry of 
the point group 4/mmm in 2201 to monoclinic, with the most probable group being 2/m 
[103, 104]. The number of variants of the modulated 2201 phase is four [103]. Fig.3.5 
[44] shows that two variants of structural modulation are related by a symmetry plane 
along (001) and a mirror plane is located on a BÌ2O2 layer, suggesting that twinning 
results from stacking faults along this layer [48, 103].
In 2212, it was observed that a new type of phase boundary can be described as a 
90° twist phase boundary, as shown in Fig.3.26 [105]. It was found that A-type domains 
(atoms parallel to a-c planes) are related to B-type domains (atoms parallel to b-c planes) 
by rotation of 90° with respect to the c axis (marked as TB in Fig.3.26). Chen et al. 
[105] named these kinds of phase boundaries as 90° twist boundaries. Also, from single
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crystal X-ray precession data for Pb-containing 2212 (Bii^Pbo.ôSri.sCaiCuuOs+s), the 
composition of which was obtained by electron microprobe analysis, twist domains 
rotated 90° around the c axis were observed, interchanging the a and b axes in the 
orthorhombic structure [106]. It was noted that the size of the twist domains could vary 
from less than one hundred to several hundred nanometers [106].
Fig.3.26. High-resolution lattice image of 90° twist domains A and B oriented 
with the zone axis parallel to [010] and [100], respectively. Superlattice fringes are 
present only in domain B. 90° twist boundaries are marked as TB. Some stacking faults 
along the c axis are also indicated by arrows [105].
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Finally, the characteristic features of twinning in Bi-based superconductors can 
be summarised as follows: Firstly, the twin plane and the twin boundary are different: 
(510) and (001), respectively [107]; secondly, the origin of the twinning is related to the 
lattice distortion in the Bi20 2 layers and resultant formations of Bi-concentrated bands in 
the Bi20 2 layers and resultant formations of Bi-concentrated bands in the Bi20 2 layers
[107] ; thirdly, twin crystals are not so often observed; fourthly, the twinning (90° twist) 
boundary involves only rotational symmetry operations across the boundary [105]; 
fifthly, these twins are growth twins and should not be confused with deformation twins
[108] .
3.1.3.2. Grain Boundaries
As prepared by most workers, Bi-Sr-Ca-Cu-0 superconductors are 
polycrystalline, requiring supercurrent to cross grain boundaries. Grain boundaries are 
important because they cause weak link behaviour and may play an important role in 
flux pinning and mechanical properties. The negative rather than positive influence of 
grain boundaries on the electrical properties is of great interest. By the lack of proper 
control of the grain boundary structure in bulk materials, the Jc is low compared with 
those of oriented thin films and single crystals. Therefore, an understanding of grain 
boundary properties in the superconducting oxides will be necessary for increasing the Jc 
under high magnetic fields and temperatures above liquid helium for applications such as 
magnets and conductors.
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TEM studies of some Bi-Sr-Ca-Cu-0 superconductors (Fig.3.27) reveal that 
they are composed of colonies of plate-like grains each 100-200 nm thick that all have 
approximately the same c-axis orientation in the colony [109]. Within a colony, there are 
90° (001) twist boundaries between the individual grains. Hence, supercurrent flows 
across twist boundaries within colonies and general grain boundaries between colonies 
[18].
Two Competing theories have been proposed to describe how the supercurrent 
transports across the boundaries. These models permit slightly different microstructures, 
as shown in Fig.2.32. In one model, popularly called the b r i c k  w a l l  m o d e l  [110], 
supercurrent flows between grains and colonies in the c direction, which requires the 
microstructure to be as highly aligned as possible to maximise the area over which 
supercurrent can flow in c direction (Fig.3.28a). In the other model known as the 
r a i l r o a d  s w i t c h y a r d  m o d e l  [1 1 1 ], the current flows from (001) planes in one colony to 
(001) planes in adjacent colonies through small-angle c-axis grain boundaries between 
the colonies (Fig.3.28b). This situation permits a small amount of misalignment in the 
structure. Which transport mechanism occurs is not known, and it may be some time 
before one can achieve the high degree of alignment in 2212 and 2223 tapes that will be 
needed to distinguished unambiguously between them. In the meantime, work continues 
to increase the alignment as much as possible.
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Fig.3.27. TEM micrograph of 2212 colonies showing grains 100-200 nm thick 
within the colonies separated by (001) twist boundaries (tb) [109].
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Fig.3.28. Microstructure for the (a) brick wall [110] and (b) railroad switchyard 
[111] models showing a superconducting current path. In (a) D and 2L are the width and 
length of the 2212 “bricks”. The c direction is shown. In (b) the centre lines of the Bi-Sr- 
Ca-Cu-0 colonies are shown. The colonies intersect one another at small-angle c-axis 
boundaries. The c direction is perpendicular to the lines and is in the plane of the 
drawing.
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3.I.3.3. Grain Growth and Recrystallisation
It has been known that the Jc value of Ag-clad Bi-2223 tapes and wires depends 
on many experimental parameters, such as chemical composition, phase content, particle 
size of the starting powder, density, orientation of the Bi-2223 crystal, volume fraction 
and the distribution o f  the various impurity phases, sheath material, fabricating method, 
heat treatment, etc. [1 1 2 ].
Therefore, most researchers on the Ag-clad Bi-Sr-Ca-Cu-O tapes and wires have 
concentrated on the optimisation of these parameters to enhance the Jc value [113]. 
Among these parameters, mechanical deformation results in the crushing of platelet Bi- 
2223 and Bi-2212 grains as well as dimensional change of the composite. The recovery 
of the deformed structure may be achieved by a proper heat treatment at an optimised 
temperature for a sufficient time. During the heat treatment, the crushed grains are 
reconnected via grain growth and paths for current flow are formed.
It has been reported that the grain growth of Bi-2223 phase is promoted by 
diffusion via the liquid phase [115] which was formed from the non-superconducting 
phases. The non-superconducting phases, which melt at the annealing temperature, are 
able to be incorporated between grain fragments if the non-superconducting phases 
existed on the crushed grain.
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Fig.3.29. Cross-sectional SEM micrographs of the specimen a) pressed with a 
pressure of 650 MPa for 60 sec and b) heated to 840 °C at a heating rate of 300 °C /h 
and then held for 100 h [112]. Two kinds of grain, wavy/bent and straight, are seen in b. 
The extent of waviness of the recrystallised grains (the distance from pitch to pitch of the 
wavy boundaries) is very smooth compared with the edge of the specimen annealed for a 
relatively short period and the as-pressed specimen (a).
For Ag-clad Bi-Sr-Ca-0 tapes and wires prepared by powder-in-tube (PIT) 
method (see below) it was observed [112] that the platelet Bi-2212 and Bi-2223 grains 
were crushed into small fragments of submicron size before heating . It was observed 
that two types of grain, having wavy and straight boundaries (Fig.3.29) existed for the 
specimen annealed at 840 °C for 25 and 50 h [112]. According to H.G.Lee et al. [112] it
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seems that the grain recovery proceeded, at the intermediate stages of grain growth, in 
two ways: (a) coalescence between neighbouring grains having small-angle grain 
boundaries and (b) grain growth consuming high-angle grain boundaries. Even if the 
grain growth or grain recovery proceed in two ways at the intermediate stage of grain 
growth, wavy grain boundaries are unstable due to their high surface energy (resulting 
from large boundary area) and therefore, finally on prolonged heating the grains will 
yield straight boundaries to minimise the surface energy [1 1 2 ].
3.2. Fabrication of Silver-clad Bi-2223 Tapes and Wires
Practical application of high-Tc superconductivity depends on the successful 
production of superconductor materials with high-current-carrying capacity, mechanical 
flexibility, and chemical stability.
A primary focus of high-Tc superconductor research has been to increase the 
critical current density and enhance the mechanical strength of these materials. Various 
methods have been developed to produce highly textured microstructures suitable for 
carrying high currents. Zone melting and texturing are the two most successful 
techniques used to process YBa2Cu30x samples possessing a grain-oriented 
microstructure and capable of carrying a critical current density exceeding 104 A/cm“ at 
77 K and a magnetic field of 1 T [115-116]. However, the critical current densities are 
all obtained from very short pieces of textured samples (10 to 20 mm long ).
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Processing of the high-Tc (Bi, Pb)2Sr2Ca2Cu30 io (2223) phase by the powder-in­
tube techniques has proved to be a very promising method for fabricating high-Tc 
superconducting wires that can carry high critical current densities [116-121]. This 
technique results in the fabrication of silver-clad superconducting oxides in the form of 
wires and tapes. Such metal/superconductor composite geometries are desirable because 
the metallic outer layer protects the oxide core from chemical corrosion and mechanical 
abrasion. Further, the high electrical and thermal conductivity of the silver cladding 
provides a means of thermal dissipation and acts as a current shunt in the event of a loss 
of superconductivity. At the same time, the silver sheath mechanically supports the 
superconducting oxides during processing, handling and operations, partially 
compensating for the ceramics’ brittleness. As a result, the superconducting wires are 
also reasonably flexible.
The oxide powder-in-tube (OPIT) method for making conductors, reviewed by 
Sandhage et al. [122], is shown schematically in Fig.3.30 [ 123]. The powder is packed 
by tapping (see chapter 3) or vibrating [124] in a tube, typically made of Ag, which is 
sealed and mechanically worked into the desired conductor form. Usually the Ag tube, 
plus powder is drawn to a small diameter and then rolled into a flat tape. The tube need 
not be drawn, however, and can be rolled directly into tape [125].
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Fig.3.30. Schematic diagram of the oxide-powder-in-tube (OPIT) method to 
make wires and tapes [123].
Fig.3.31 shows different OPIT conductor forms that have been made. 
Configurations are shown in which the outer Ag tube contains the powder plus a solid 
Ag rod, or multiple concentric Ag tubes filled with powder. Fig.3.31 also shows 
multifilamentary round and rectangular wires, as well as flat tapes. These are made by 
restacking small diameter OPIT wire into a Ag tube and mechanically working this
assemblage.
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The mechanical deformation of the Ag/oxide powder composite is an important 
step in fabricating OPIT conductors, but it is not well understood. In order to induce 
high grain alignment in Bi-Sr-Ca-Cu-0 tapes, the oxide core in the tape should be thin 
( 40-50 Jim); hence, the powder must a have small “particle size” (1-3 Jim). Ideally the 
powder should consist of a single phase so that each grain has the same mechanical 
properties and the powder deforms uniformly. For 2212 one can use a single-phase 
powder, but with 2223, a multiphase powder mixture is required. The powder must be 
uniformly packed into the Ag tube [18]. It was reported by Guo et al. [124] that a high 
initial packing density did not yield high mass density, but increased the thickness of the 
superconducting core inside tapes. It is well known that thin core tape normally has 
higher Jc values than thick tape if both tapes are treated under the same conditions 
because thinner tape is better mechanically deformed and better sintered during the 
thermomechanical process. This is the reason that the high initial packing density tape 
has a lower Jc than that of low packing density [124].
Tenbrink et al. [126] compared the final oxide density in wires made from 2212 
powder that was hand packed into a Ag-tube (low packing density) and a rod of 2212 
powder that had been isostatically pressed, than loaded into a Ag-tube (high packing 
density). After drawing, the oxide core for both wires was 70% dense. Although the final 
core density was the same for both wires, the Bi-Sr-Ca-Cu-O superconductor/Ag 
volume ratio was lower for loosely packed powder; hence, this difference may have
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translated into relatively a thicker Ag sheath in wire made from the loosely packed 
powder.
This difference in sheath thickness has important implications for conductor 
design where the silver-clad / Bi-Sr-Ca-Cu-0 superconductor ratio is a critical 
parameter. The Ag sheath is softer than the oxide core, thus causing difficulties with the 
deformation of the Ag/oxide composite. A serious problem that can occur in the latter 
stages of rolling a tape is forming an undulating oxide/Ag interface, which is known as 
s a u s a g i n g .  Fig.3.32 [18] shows a longitudinal cross section of a sausaged Ag-sheathed 
tape. It has been found empirically that after the oxide core is reduced to some minimum 
thickness during rolling, additional rolling cause it to sausage. A hypothesis is that 
sausaging occurs when the oxide powder in the core starts to deform as block of oxide 
rather than individual grains. At this point, the rolling stress shears the core into smaller 
blocks that deform independently in the softer Ag sheath causing the undulations in the 
Ag/oxide interface [18]. Optimising such parameters as the “particle size” in the powder, 
powder packing density, and deformation parameters (e.g., roll size, roll speed, 
reduction per mass) will lead to thinner cores without sausaging.
During rolling, the plate-like Bi-Sr-Ca-Cu-0 grains, present in 2212 and 2223 
tapes, are mechanically aligned with their (001) basal planes parallel to the rolling 
direction.
88
Fig.3.31. Representative configurations for Ag-sheathed wires and tapes. Black 
regions are Ag, and white regions inside the Ag are Bi-Sr-Ca-Cu-O. Typical dimensions 
for tapes are a total thickness of 100-250 (im and a width of 0.2-1 cm: a) monocore 
tape, b) coaxial multifilament wire, c) wire with two Bi-Sr-Ca-Cu-0 cores, d) tape rolled 
from the wire in c), e) 37 filament wire, and f) 19 filament tape [18].
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Fig.3.32. Longitudinal cross section of a B-Sr-Ca-Cu-O tape showing 
undulations in the Ag/ oxide interface. This is known as sausaging [18].
A new sil ver-wire-in-tube manufacturing technique that consistently produces 
superconducting wires with critical currents greater than 100,000 A/cm2 in short lengths 
has been developed at Argonne National Lab (Argonne, III) and University of Pittsburgh 
[247].
The new technique is based on a key refinement to the “powder-in-tube" method 
and involves inserting a silver wire into a silver tube and filling the space in between with 
BSCCO-2223 powder. After drawing and rolling the wire, virtually all the BSSCO lies 
along the silver-superconducting interface. The layer of superconductor is 1-2 pm thick.
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CHAPTER 4
POWDER PROCESSING OF Bi-Pb-Sr-Ca-Cu-O HIGH-TC
SUPERCONDUCTORS
4.1. Importance of Precursor Powders and Their Properties For the End­
use Applications
Different end-use applications of ceramics require precursor powders with 
different properties. The optimum precursor particle size, for instance, could be 
application dependent. While a general particle size might be good for a wide range of 
applications, it may not be good for all. For example, the powder that is the best for 
making wires and tapes may not be the optimum choice for making sputtering targets.
Particle size and shape, chemical composition, and surface area of the precursor 
powders are important parameters in the popular powder-in-tube process for fabricating 
superconducting oxides. They affect the properties of superconducting wires and tapes, 
such as phase homogeneity and Jc values [124]. The ball milling process seems well 
suited for the production of dense, uniformly sintered superconducting ceramics, since it 
can provide homogeneous precursor powders having a very fine particle size [127].
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The experimental work in this chapter concentrates principally on particle size 
reduction techniques, and powder characterisation. Effects of particle size on Jc values of 
the tapes produced by the powder in-tube (PIT) processes have been also investigated. It 
presents detailed research on the microstructural evolution of attrition-milled and 
planetary-milled Bi-Pb-Sr-Ca-Cu-0 precursor powders produced from a nitrate-route 
solution by a spray-dry process.
4.2. Production Methods
A wide variety of methods have been used to prepare Bi-2212 and Bi-2223 
powders. Two common features underlie the diverse synthesis techniques: all the 
processes mix the cations on very fine scales and the phase of interest is formed by 
reactive sintering at elevated temperature. The methods and their advantages and 
disadvantages will be discussed in the following sections.
4.2.1. The Oxide Routes
4.2.1.1. Dry-mix Method
Solid-state synthesis by the oxide route is the simplest method in principle to 
prepare the 2223 phase. One begins by mixing together Bi20 3, PbO, SrC03, CaC03, and
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CuO in the desired stoichiometry. The carbonates of Sr and Ca are used because the 
corresponding oxides are difficult to handle and specify their exact material content as 
they pick up water or C 0 2 from the atmosphere and become contaminated by their 
hydroxides or carbonates. These powders, which must have a small particle size (1-5 
pm) to achieve fast reaction kinetics, are thoroughly mixed, then calcined at an elevated 
temperature to remove the C 0 2 and begin the solid-state reaction. Normally, the 
powders are heated in air (ambient pressure). To avoid liquid formation during heating to 
the sintering temperature, which is due to the binary-eutectic reaction of Bi20 3 and CuO 
at about 706 °C [128], resulting from the local variations in compositions, one carries 
out the reaction in the stages, beginning at low temperature (-700 °C). After several 
hours of heating, the powders are cooled, ground using a mortar and pestle, and refired 
at a higher temperature. This process is repeated several times, with the maximum 
temperature being limited to about 850 °C at which the solubility of Pb is maximium (and 
decreases significantly for both increasing and decreasing temperature [83,128]; (see also 
chapters 2 to 5). The synthesis can be done with loose powder which gives a slower 
reaction, but which makes it easier to grind the powder between heating cycles, or with a 
compacted powder, which accelerates the reaction kinetics but requires more grinding, 
between heating steps.The extra grinding can introduce more impurities into the powder.
It is important to remove the C 0 2 from the powder during the solid-state 
synthesis. Jeremie et al. [129] reported that the excess C was located preferentially at the 
grain boundaries and favoured the formation of secondary phases. They have also
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showed that the Jc of the low carbon content (0.036 wt. %) tapes were two to three 
times higher than those of the carbon rich (0.056 wt %) tapes. These results confirm 
those presented earlier [130-131] correlating the higher Jc with a low carbon content. 
Practical experience shows that the C content in the powder used for oxide powder-in­
tube (OPIT ) conductors should be 0.04 wt% or lower [132]. To remove the C 0 2 during 
the synthesis, one must have a furnace arrangement that allows the C 0 2 to escape, such 
as a tube furnace with open ends or through which gas, typically air or 0 2, can be 
flowed. One must also be aware that Bi20 3 and PbO can vaporise at the elevated 
temperature, thereby changing the overall composition (see chapters 2,4,and 5).
Balachandran et al.[133] have used low-pressure synthesis to increase the rate of 
solid-state reactions using carbonates. They synthesised the powder in a reduced- 
pressure reactor with flowing 0 2 (3 torr for Bi-Sr-Ca-Cu-0 system [134]).The 
advantages with this synthesis method are that C 0 2 can be removed from the carbonates 
at lower temperatures than air (which contains 0.033 vol% C 02), the gas flow sweeps 
the C 0 2 from the reaction chamber, allowing the reaction to continue, and the low 
pressure facilitates the evolution of C 0 2 gas from the interior of the mass of powder. To 
make single-phase bulk material by this method, it is still necessary to grind or mill the 
starting powders to decrease particle size and increase chemical reactivity, as well as re­
grind, re-pelletise, re-sinter several times. All this treatment increases the tendency for 
chemical contamination. Jeremie et al. [129] have shown that the C content increases 
with grinding time, presumably due to carbonation from air.
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4.3.1.2. Two-powder method
The formation of 2223 during sintering is accelerated by the presence of a 
transient liquid (see chapter 2) [135-139]. Huang et. al. [140] suggested that the evident 
partial melting of the Bi1.84Pb0.35Sr1.91Ca2.05Cu3.05Ox at 852 °C resulted from the ternary- 
eutectic reaction of the Bi-2212, Ca2Pb04, and CuO phases; large grain growth and 
promotion of the Bi-2223 phase formation was supposed to result from the this partial 
melting. The liquid also heals damage done during thermomechanical processing of the 
superconducting tapes and wires and facilitates grain growth and texturing [135] (the 
thermomechanical treatment of superconducting tapes includes several mechanical 
deformation operations, such as forging, rolling, and extrusion followed by annealing 
processes after each deformation). The source of the liquid remains in question, but 
probably depends on the exact powder-processing scheme. To manipulate the partial- 
melting behaviour while better controlling the formation of 2223 by reducing the number 
of phases present, a so-called two-powder process was developed by Dorris et al.[134]. 
In this process, SrxCai.xCuO and Bii.8Pb0.4Sr2.xCai+xCu2O8 were prepared from Bi20 3, 
PbO, SrC 03, CaC03, and CuO as separate intermediate phases. The powders were 
calcined in the air (ambient pressure) for 24 hours at 840 °C for Bii.8Pbo.4Sr2-xCai+xCu208 
and 48 hours at 900 °C for SrxCai.xCuO to produce nearly single-phase materials. Dorris 
at al. calcined these powders at a reduced total pressure (~ 3 Torr of 0 2) at 750 °C to 
ensure complete decomposition of the carbonates, then at ambient pressure in C 0 2 - free 
air-at the same temperature. To obtain nearly single-phase materials in subsequent
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batches of the intermediate precursors, it is often necessary to mill the powders after 
calcination (the milling is the main source for powder contamination) , then calcine them 
at ambient pressure. Powder mixtures with the overall composition
Bii .84Pb0.35Sr1.91Ca2.05Cu3.05OK) arc then made by combining the appropriate amounts of 
Bii.8Pb0.4Sr2-xCai+xCu2O8 and SrxCai.xCuO and milling in isopropanol. Finally, the powder 
mixtures are packed into tubes and processed thermomechanically. This method 
produces finer particles in the precursor powders compared to the solid-state oxide-route 
but coarser particles with respect to the chemical routes [124] (see below).
4.2.2. Chemical Routes
Wet chemical methods have increasingly used in the fabrication of high- 
temperature advanced ceramics. Compared with the conventional ceramic solid-state 
methods, the chemical approaches are advantageous mainly in: a) decreasing the energy 
requirement for mechanical (milling, grinding) and thermal treatments, b) the ability of 
producing very fine particles due to atomic-scale cation mixing. As mentioned 
previously, this is very important for many end-use applications in the field of high-Tc 
superconductors, such as superconducting Bi-based wires and tapes.
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4.2.2.1. Solution Mixing
Important factors in the choice of metal salts to employ in the mixed-solution 
route are a) reasonable solubilities are required for each salt and b) extraneous cations or 
anions which cannot be removed easily by calcination at temperatures significantly below 
the final consolidation temperature must be avoided. Most of the salts which can be used 
in the chemical route tend to have variable states of hydration, so the cation 
concentrations of the individual solutions cannot be calculated on a gravimetric basis 
unless samples of the individual salts are first calcined to form oxides of well-defined 
stoichiometry to establish their metal content. This is a relatively simple matter for Y, 
Ba, Sr and Ca salts, although difficulties with subsequent hydration and carbonation can 
occur, but not for transition metals such as Cu, Bi, T1 and Pb. Thus careful solution 
analysis of stock solutions is required to maintain stoichiometry.
In general, suitable metal salts are therefore the soluble hydroxides, oxalates, 
nitrates, carbonates, citrates, acetates, etc.; unsuitable salts are chlorides, sulphates, 
fluorides, etc.. Ammonium ions, which can be decomposed on calcination at moderate 
temperatures ( < 500 °C ) can be added in the form of ammonium hydroxide if pH 
control is desired [3].
Applying the above criteria, it emerges that mixed nitrate solutions are preferred 
in the solution route. Solubility considerations eliminate all other anions for the Bi-based
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materials. Bi nitrate only dissolves in a fairly strong solution of nitric acid ( 27 vol%) 
[141]. The detail of this method (thermal co-decomposition) will be discussed in the 
following sections and chapter 5.
4.3.2.2. Evaporative Drying
Unless well defined multi-cation salts can crystallise from solution, slow 
evaporation of a multi-cation solution will lead to segregation of different metal salts: 
the least soluble salt will crystallise first, followed by the more soluble salts. Also slow 
evaporation will lead to relatively large crystal sizes. Although fast evaporation can still 
lead to segregation, the crystalline size will be much smaller, and the use of stirring 
during fast evaporation will still allow intimate mixing of the very small metal salt 
crystallites.
Spray-drying (refer section 3.3.3 for experimental details), atomisation of a 
solution and spraying into a hot chamber at 200-400 °C, is a very convenient way of 
producing rapid drying but it does not decompose the nitrates. The spray-dried material 
from metal nitrate solutions will then require calcination before sintering the powder. 
The sinterability of spray-dried powders depends critically on the state of agglomeration 
of the micro-particles constituting the powder. The final chemical stoichiometry and 
more particularly the particle size of the spray-dried powder would be dependent on the
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operating parameters of the spray-dry machine, such as inlet and outlet temperature, rate 
of air drying, the atomising air pressure, and the residence time in the heated chamber.
4.2.2.3. Freeze Drying
Another means of assuring rapid solidification of the preferred mixed nitrate 
solution is freeze-drying by spraying small droplets from an atomiser into liquid N2 or a 
non-reactive organic liquid maintained at a temperature between about -40 and -100 °C. 
Heat transfer from the atomised solution droplets to liquid N2 is comparatively poor as 
the droplets are immediately surrounded by a blanket of N2 vapour which has a very 
poor thermal conductivity, so the non-reactive organic liquid method would be preferred 
[3]. The frozen solution droplets are then subjected to vacuum treatment to remove the 
aqueous solvent. One difficulty is that during subsequent heating of the solid mixed metal 
nitrate, melting occurs at quite low temperatures ( ~ 100 °C) and segregation back into 
individual metal nitrates may occur before denitration on further heating [142]. These 
problems can be minimised by rapid heating to the temperature desired for drying or 
calcination.
Freeze-drying is an advantageous technique in that solution is flash frozen to 
prevent segregation, thus giving mixing at nearly the atomic level without recourse to the 
use of precipitating agents or risk of carbonate formation (see chapter 5).
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3.2.2.4. Co-precipitation
This method permits the formation of a precursor powder without any grinding. 
In this method, starting compounds are dissolved in a solvent (such as diluted acetic 
acid). The elements are then precipitated from this solution by adding a suitable acid 
(e.g., oxalic acid for acetic acid solution for Bi-Pb-Sr-Ca-Cu-0 superconductor 
synthesis). The main problems of this methods are solubility differences among the 
dissolved salts and resulting segregation, and imprecise control on the final 
stoichiometry.
4.2.2.5. Gelation
It is well-known that ceramics derived from ultrastructure precursors possess 
very good homogeneity, stoichiometry, and sinterability because the physico-chemical 
blending process under molecular or near-molecular scale followed by a polymerisation 
reaction greatly inhibits the segregation and diffusion of chemical constituents. 
Ultrastructure refers to high molecular weight substances whose main chain is built from 
units which represent chelate rings. A chelate ring is formed a metal ion-acceptor- and a 
different organic ligands-donor groups, which have a donor-acceptor bond between them 
[144].
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The basic strategy is to start with, say, a mixed metal nitrate solution of the 
desired stoichiometry, and then form a complex via the addition of citric acid. The 
addition of ethylene glycol will increase the viscosity of the liquid. A condensation 
reaction takes place at ~ 200 °C and the loss of water which ensues allows the formation 
of a polymeric complex which retains some water but forms a hard, resinous material. 
Considerable porosity due to bubbling associated with steam and NOx evolution may be 
present. This method is better suited to making films than bulk powders [144].
4.2.2.6. Spray Calcination
Spray calcination of aqueous solutions (generally nitrate salts) into a chamber 
held at 800 - 1100 °C offers a quick one-step heating route to the production of semi­
amorphous, chemically reactive precursor powders for high-Tc superconductors.
Control of the final precursor powder with regard to microparticle size, 
agglomeration behaviour, tap density, surface area , etc. may be required and this can be 




In this process water or alcohol is added to the alkoxide solution of cations to 
cross link molecules and the hydrolysed solution is dried and fired to obtain a very 
reactive precursor powder as shown in reaction 4.1.
M (OCxH2x+2)x + H20  = alcohol+ MX+ (4.1)
The alcohol maintained in reaction 4.1 is evaporated.
4.3. Particle Size of the Precursor Powder
4.3.1. Theory
3.3.1.1. Powders and Particles
Powders are a dense assembly of discrete particles. Particle shapes can be 
irregular and might vary from small fibrils or rods to small plate-like or spherical 
particles. The shape is generally specified by a shape factor, cp, related to the sphericity 
which is the ratio of the surface area of a pure spherical particle of the same volume to 
the real surface area o f that particle. This shape factor varies from much smaller than 
unity for fibrils and rods to nearly unity for most powders. The diameter ,dp, of a particle
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is generally defined as the diameter of a pure spherical particle with the same volume. 
This means that for an ellipsoid the particle diameter is (d/l)1/3 where d  is the short axis of 
the ellipsoid and / is the long axis.
The above definitions of cp and dp only work well in practice as long the particle 
shape is not extreme, i.e., the sphericity is not too small, say > 0.5. In practice, however, 
this is not a severe restriction as in most powder operations extreme asperities and 
protuberances will be ground down or polished by attrition. In most cases, the density of 
a particle, pp, is simply equal to the density of the solid with the same chemical 
composition as the particle. There are, however, a number of powders, notably solid 
crystals which are produced by agglomeration or coagulation of much smaller particles- 
often with a diameter «  1pm- which look like bunches of grapes when viewed in an 
electron microscope. Such agglomerates have an internal porosity, which is defined as 
the ratio of the volume of the internal pores to the external particle volume. The particle 
density, pp, is given by the relation [144]:
pp= (1- £i) ps + £i pc (4.2)
in which pp is the density of solid material, while pc is the density of the fluid present in 
internal pores of the agglomerate. A derived quantity of the particle is its specific surface 
area, Sp, which is defined as its real surface (for the particles of arbitrary shape rather
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than sphere or prismatic) over its real volume. Hence for a single particle specific surface 
area [146]:
Sp = 6cp / dp (4.3)
where Sp is the particle real surface divided by its real volume, cp is the shape factor, and 
dp is the diameter of the particle.
4.3.1.2. Particle Size Reduction
Particle size reduction is effected by particle fracture. The particles are subjected 
to contact forces, either contact between the particles and grinding media, or contact 
between particles themselves. The contact forces deform the particles and generate stress 
which, when strong enough, can bring about fractures or cracks.
4.3.1.3. Particle Size Distribution and Specific Surface Area
The particle size distribution of the material after size reduction is dependent on 
the type and intensity of the stress to which material is subjected [145]. Specific surface 
area means the volume specific or mass specific surface area (cm2/gm) with the particle 
size distribution resulting from a size reduction.
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The particle size analysis results in a particle volume distribution. The distribution 
of the volume of the particles for each powder is given by three volume proportions: 
D[v,0.1], D[v,0.5], D[v,0.9]. The volume of particles with diameters below D[v,0.1], 
D[v,0.5], and D[v,0.9] comprises 10%, 50%, 90%, respectively, of the total volume of 
all particles in the distribution. The results are also given by derived diameters D[m,n], 
an internationally agreed method of defining the mean and other moments of particle 
size [146].
i m - 3
D[m,n]=[ ]r l V j d :  id/m-n,zv,dr3
(4.4)
where Vi is the relative volume in class i with mean diameter, dj, and m, n are integer 
values describing the type of derived diameter, e.g., D[4,3] is the volume-weighed mean 
diameter and D[3,2] is the surface-weighted mean diameter.
The specific surface area of powders (SSA) is defined as the total volume area of 
the particles divided by the total weight [146]:
SSA ,  --------« _  (4.5,
p ,x i(  p,D[3.2]
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where V) is the total volume in class i with the mean class diameter of d„ and pp is the 
particle density, D[3,2] is the surface weighted mean diameter.
4.3.2. Determination of Particle Size Distribution
Resultant powders after planetary- and attrition-milling were characterised by 
XRD (Model Philips PW 1730) (CuKa radiation), scanning electron microscopy (SEM) 
(Model JEOL, JSM 6400 scanning Microscope), magnetisation techniques, low angle 
laser light scattering (LALLS) for particle size and distribution, and surface area 
(Malvern Mastersizer, Spring Lane South, Malvern, Worcestershire Wr 14 1A.T. UK), 
and static nitrogen adsorption method for particle porosimetry.
Methods of determining the particle size distribution of a powder are:
(a) Dry-sieving, (b) Sedimentation, (c) Electrosensing (the Coulter-counter principle), 
(d) Microscopy, (e) Laser-diffraction (light scattering) [147].
Particle size distribution measurements of powders were performed by the laser 
diffraction method so the mechanisms of this method are briefly explained. The other 
techniques have been explained in a wider range in the powder literature [146-148].
The laser diffraction ( light scattering ) method is founded on the principle that a 
beam of monochromatic light falling on a particle is scattered at a specific angle, which is
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a measure of the particle size. From the intensity of the scattered light as a function of 
the scattering angle the particle size distribution of a suspension can be derived. In this 
work, a low-angle laser light scattering ( LALLS ) device - the Malvern Mastersizer - 
was used for particle size distribution analysis. The instrument consists of a gas (He-Ne) 
laser source of coherent light of 0.63 |im wave length. It has a high resolution, yielding 
up to 100 size classes in the range of 0.01-80 ¡am.
A general schematic outline of the Malvem-Mastersizer is given in Fig.4.1. A 
specially filtered, expanded and collimated helium-neon laser beam is passed through the 
sample cell and is focused to a single central point on a multi-element photo-electric 
detector. The point at which the beam is focused has a special “alignment detector”. 
Otherwise, the detector only records that light which is diffracted by the sample in the 
sample cell.
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Fig.4.1. A general schematic outline of the Malvern-Mastersizer Low Angle 




Bii.84Pbo. 35Sr1.95Ca2.05Cu3.05Oy ceramics were prepared using the spray-dry 
method. For a batch weighing 100 gms, the starting materials utilised were 91.18 gm 
Bi(N03)3.5H20  (98% purity, BHD Laboratory supplies Poole, BH15 1TD England),
11.78 gm Pb(N03)2 ( 99% purity, Aldrich Chemical Co., Inc., Milwaukee, WI), 40.91 
gm Sr(N03)2 (99% purity, Aldrich Chemical Co., Inc., Milwaukee, WI), 48.50 gm 
Ca(N03)2.4H20  (99% purity, Aldrich Chemical Co., Inc., Milwaukee, WI), and 72.50 
gm Cu(N03)2.2 .5H20  (99% purity, Aldrich Chemical Co., Inc., Milwaukee, WI). These 
raw materials (total initial weight was 264.9 gm) were weighed and separately dissolved 
in either 27 % H N 03 by volume dilute nitric acid (Bi) or deionised water. The 
concentrations of each solution are 1.66 g/ml for Bi, 0.34 gm/ml for Pb, 0.55 g/ml for Sr, 
0.98 g/ml for Ca, and 1.45 g/ml for Cu. Each of the solutions was then added together to 
form the resultant solution that was fed into the spray-dry machine (Yamato, Model GA- 
32) which is seen in Fig. 4.2. Its weight is approximately 121 kg and has overall 
dimensions 760 mm in width, 420 mm in length, and 1350 mm in height.
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Fig.4.2. External view of Yamato, Model GA-32, spray-dry machine.
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The final chemical stoichiometry and more particularly the state of particle 
agglomerates of the spray-dried powder are strongly dependent on the operating 
parameters of the spray-dry machine (see page 8), such as inlet and outlet temperature, 
rate of air drying, and the atomising air pressure. For this process the optimum inlet and 
outlet temperatures were found to be 103 °C and 183 °C, and rate of air drying was 0.47 
mm3/min, and the atomising pressure was 1.5 kg/cm3, respectively. Deviation from these 
temperatures resulted in the amount of the powder being decreased and increased 
segregation in the powder, resulting in a need for grinding. Further, the bridge between 
the cyclone and the drying chamber was frequently blocked due to the powder 
deposition (Fig.4.2).
The sprayed powders were subsequently dried at 250 °C for an hour in a muffle 
furnace at an ambient pressure (air) to remove any moisture picked up from the 
atmosphere. The powders were calcined at 770 °C for 15 hours and then sintered at 830 
°C for 20 hours in the air (ambient pressure) in an alumina crucible to decompose and to 
remove exhaust gases after decomposition. Between calcination and sintering, the 
powder was hand-ground in an alumina mortar and pestle for 5 minutes. There was no 
reaction observed between the powder sample and the alumina crucible after calcination 
and sintering (i.e., there was no colour change and no sticking to the crucible).
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4.3.3.2. Types of Milling
4.3.3.2.I. Planetary Ball-mill
To test various milling systems, a spray-dried powder was planetary-milled by a 
laboratory facility (Model: pulverisette 5) for 3 hours with a maximum speed of 150 rpm 
using different combinations of grinding containers (agate and polypropylene) and balls 
(agate and YSZ, i.e., yttria-stabilized zirconia). The optimum speed depends on the 
radius of the grinding bowl [149]. The internal volume of the planetary mill is 280 cm3; 
the diameters of YSZ and the agate balls are 9.84 and 12.33 mm, respectively. Ball to 
powder weight-ratio was 10 for the YSZ- and the agate-balls. It is important to note that 
only two thirds of the bowl volume must be filled by the grinding balls, fluid and the 
sample. A third of the bawl volume must be left free for the centrifugal action to be 
effective. In this thesis the total volume of the YSZ-balls (equal to 142 cm3), fluid 
(hexane) and the powder was nearly 192 cm3. For each set of container and balls, both 
dry and wet milling in hexane as a dispersant were used. For each milling process, either 
wet or dry, 10 gms powder was used. Powder recovery for wet-milling was 92 % and 70 
to 80 % for dry-milling. The powder was planetary milled by the combination of YSZ 
balls and polypropylene bowl for different times, namely 10 mins, 60 mins and 3 houis, 




To investigate the effect of different ball-milling techniques, attrition milling 
(Szegvari, Model 01-HD) was also utilised in this work. The internal volume of the 
grinding tank is 750 cm3. YSZ-balls of diameter 4.85 mm and a zirconium oxide 
grinding tank together with a zirconium oxide spindle were used to attrition-mill the 
spray-dried powders (a) with the hexane as a carrier and (b) dry, with milling speeds of 
150 and 600 rpm. The ball to powder weight ratio was 10. For both dry and wet 
attrition, 15 gms powder were used. The volume of the hexane utilised for wet milling 
was nearly 250 cm3.
4.3.4. Characterisation
In this study, the surface area of particles has been investigated by the static 
nitrogen adsorption method where a Micromeritics accelerated surface area analyser 
(ASAP 2400) has been utilised. In this process, a spray-dried powder was placed inside a 
glass container and heated up to 200 °C in a vacuum ( pressure < 5 Pa) to release all 
gases that might have been adsorbed on the powder. Next the container and a similar but 
empty container were submerged in a bath filled with liquid nitrogen at a temperature of 
77K. The two containers were connected with each other by means of a differential 
manometer. The two containers were evacuated and brought in contact with a known 
volume of nitrogen. Because of adsorption of nitrogen to the surface of the sample, a
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pressure difference arose between the two containers and was measured with the 
differential manometer. From this difference in pressure, the amount of nitrogen was 
calculated, and the total surface area of the powder was derived.
4.3.5. Results and Discussion
Fig.4.3 shows the SEM images of various milled powders. From this figure it is 
seen that dry planetary ball-milling results in a finer particle size than that produced by 
wet milling. In agreement with SEM observations, particle size analysis shows planetary- 
dry milling to be more effective than wet milling, e.g., the volume mean diameter 
D[v,0.5] of powder was reduced from 18jim to 0.8 (im with dry milling using agate balls 
and an agate container for 3 hours with a SSA of 13 m2/gm, while wet milling decreased 
the D[v,0.5] to about only 8 |im for the same milling time with a SSA of 5 m'/gm. This 
is consistent with the specific surface area measurement results, i.e., dry milling resulted 
in a higher specific area than the wet milling procedure. This may be due to the fact that 
during planetary milling, the powder within a sealed container rotates around the central 
shaft of the machine, and correspondingly the container spins on its own axis. The 
combination of these two rotations causes a random movement of grinding balls and 
powder inside the container. The irregular motion results in the powder being 
continuously impacted by the balls. In the case of wet milling, on the other hand, the 
hexane slows down the movement so that, the impact action of the balls on powder is 
substantially reduced, resulting in coarser particles [151].
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XRD patterns of powders before and after wet and dry planetary-ball millings are 
shown in Fig.4.4. The powder before milling consisted of a very pure Bi2212 phase with 
sharp diffraction peaks, indicating well-grown crystal grains. After wet milling for 3 
hours, however, although the Bi2212 phase remained, the intensity of the (00>.) peaks 
was substantially suppressed relative to their non-(OO^) peaks, suggesting that the 
breakdown of the grains occurred preferentially in the (00 A,) planes of the structure [127­
151]. This is because the bonding between adjacent Bi-0 layers along the c-axis of the 
Bi2212 crystal structure is relatively weak, thus imparting a graphite-like mechanical 
property (see page 36). In the case of dry milling, the peaks for the Bi2212 phase 
disappeared and were replaced by new peaks indicating complete decomposition of the 
Bi2212 phase. Thus the Bi2212 phase decomposed into several phases such as Cu2Pb04, 
(Sr,Ca)2Cu03 and CuO, and an amorphous phase, due to the extensive mechanical 
deformation (Fig. 4.4c). A broad peak around 20 = 15° seen in Figs.4.4a and 4.4b is 
coming from the mica sampler holder.
The particle size distribution graphs and SEM micrographs of planetary-ball- 
milled powders show that as the milling time increases the particle size decreases as 
shown in Fig. 4.5 and Fig.4.6. With decreasing particle size, the elastic behaviour- 
brittle fracture of the particles decreases and the plastic behaviour-plastic deformation of 
the particles increases. The grindability limit (this is the limit where the powder particles 
change their shape rather being reduced in size by fracture with further grinding [127]) is 
reached. Fig. 4.6 shows after 1 hour milling particles start agglomerating giving rise to
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ineffective size reduction due to particle coalescence due to transformation of 
deformation mechanisms from elastic region to plastic as explained above. There is also a 
relation between the particle size distribution and the specific surface area (SSA). The 
greater the number of fine particles, the higher the SSA as shown in Table 4.1. Table 4.2 
shows that the volume of internal porosity of the particle increases after being ball­
milled, contributing to a higher SSA.
In attrition milhng, in contrast to planetary milling, both dry and wet milling yield 
very similar particle sizes. Actually, the wet milling is slightly more effective in size 
reduction than dry milling as shown in Table 4.1. This can be explained by the nature of 
the operating forces. That is, the powder and the media (carrier) are agitated by a shaft 
with arms (spindle), rotating at high speed. This causes the media to exert both shearing 
and impact forces on the powder in the direction of the Earth’s gravity. Moreover, as the 
spindle rotation speed of the attrition increases, the particle size decreases (Fig. 4.7 and 
Table 4.1). In the wet process of the attrition milling, in contrast to planetary milling, 
correlated movement among particles, balls and hexane is avoided.
As mentioned previously, contamination is another very important factor that 
must be considered during the milling of superconducting powder. In this study, possible 
contamination is SiC>2 from agate containers and balls, ZrC>2 from YSZ balls and C from 
polypropylene containers and hexane. Chemical analysis using Coupled Plasma-Atomic 
Emission Spectrometry (ICP-AES) method was carried out for eight powders milled
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with different combinations of grinding container, balls and carrier; the results are 
summarised in Table 4.3. A measurable Si increase was found in the powder dry milled 
using the agate container and agate balls, while a smaller Si content increase was found 
in the other powders milled with the agate container. From Table 4.3, it is seen that both 
agate container and balls are the source of the Si contamination. Some C increase was 
found in all powders after milhng. The C in the powders milled using polypropylene 
container is mainly from the polypropylene container and from atmospheric C 0 2. No Zr 
contamination was found in any of the samples, even those milled using YSZ balls.
The agglomerates of fine particles seen in Figs.4.3a, 4.3c, 4.3e demonstrates 
how dry planetary ball milling is more effective size reduction than the wet process 
which produced coarser, prismatic particles shown in Figs.4.3b, 4.3d, 4.3f. The clusters 
of the prismatic coarse particles before milling (Fig.4.6a) were ground by planetary- 
milling into individual coarse particles (Fig.4.6b) after 10 minutes, bunches of fine 
powders resulting from 1-hour-milling (Fig.4.6c), and the agglomerates of very fine 
powders after 3 hours milling (Fig.4.6d). In addition to the effect of nature of the milling 
processes (wet or dry) in planetary-milling and the effect of milling time, the effect of 
milling speed in attrition-milling is shown in Figs.4.7a to 4.7d. The finer powder 
agglomerates resulting from the dry and wet attrition-milling at 600 rpm are seen in 
Figs.4.7a and 4.7b, as compared to the coarser particle-clusters and particles (Figs.4.7c 
and 4.7d) resulting from the dry and wet attrition-milling with 150 rpm, indicating that 
the higher the speed of the attrition, either wet or dry, the finer the particle.
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4.3.6. Summary
Various milling systems consisting of agate and polypropylene grinding 
containers, agate and YSZ balls, and dry and wet milling were used in planetary ball­
milling and YSZ balls and YSZ container were used in wet and dry attrition milling. The 
differently milled powders were then evaluated by the measurements of particle size, 
surface area, porosity, size distribution, and the chemical analysis of Si, Zr and C 
contents. The results show that dry milling is much more efficient for particle size 
reduction in planetary-milling than wet milling, whereas wet milling and dry milling gave 
quite similar results in attrition milling. Meanwhile S i02 contamination was found in 
powder milled by an agate container with agate balls. Some C contamination from the 
polypropylene container was detected after milling, but negligible Zr from YSZ balls and 
C from the grinding carrier (hexane). It was found that after 1 hour milling in the 
planetary-mill fracture mechanisms transform from the elastic to the plastic region. 
Therefore, further milling is not very effective. It was also shown that Bi2212 phase 
decomposes into several non-superconducting oxides such as Ca2Pb04, (Sr,Ca)2Cu03 , 
CuO and a main amorphous phase, after extensive dry milling.
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4.4. Effect of Particle Size on Jc of the Silver-clad Bi-2223 Superconducting 
Wires and Tapes
Tapes were made from the milled powders of fine (1-2 pm) (sample 1 was 
planetary ball-milled for 2 hours just after sintering at 830 °C for 20 hours), and coarse 
particle sizes (6-10 pm) (sample 2 was the same material but which was hand-ground in 
an alumina mortar and pestle for 10 mins after being sintered at the same temperature 
and for the same period of time as for sample 1). They were packed by the powder-in­
tube method (PIT) into silver tubes of 6.5 mm outer and 4.5 mm inner diameter using the 
knocking method in which the silver tube was knocked against a metal block frequently 
during packing. The packed silver tubes were then mechanically worked into wires and 
tapes by square-rolling and flat-rolling. The resultant tapes were subjected to a heat 
treatment process consisting of three sintering with two intermediate pressings. Each 
sintering was conducted in air at 832 - 836 °C for 60 hours. Jc (77 K) measurements 
were carried out at a self generated magnetic field by a four probe technique in liquid 
nitrogen. The critical current density, Jc,values were reported in Table 4.4.
As discussed earlier, from the Table 4.4 it is clear that in general, tape made from 
fine particles produced a higher ( by nearly a ratio of 3) Jcthan that from coarse particles 
after heat treatment. It was reported by Guo et al. [124] that the use of fine particles 
accelerates the high-Tc phase formation rate and improves grain alignment, density and 
connectivity between grains and therefore increases the Jc values of tapes.
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Table 4.1. Particle size analysis for spray-dried powders sintered at 830 °C for 20 hours 













powder before millinga 4.2 17.9 49.5 22.9 9.1
agate-agate balls-dry 0.2 0.8 14.0 4.5 0.5 12.9
agate-agate balls-wet 0.4 7.7 53.8 18.2 1.2 5.1
agate-ysz balls-dry 0.2 1.7 26.0 7.7 0.6 9.9
agate-ysz balls-wetb 1.1 13.2 45.4 18.9 1.7 3.7
polypro-ysz balls-dryc 0.2 0.8 17.9 5.0 0.4 14.4
polypro-ysz balls-wet 3.2 14.0 40.2 18.3 2.0 2.6
attrition-dry-150 rpmd 0.3 12.7 40.2 16.3 1.0 6.0
attrition-dry-600 rpm 0.3 7.4 33.7 12.7 1.1 5.5
attrition-wet-150 rpm 0.4 7.2 37.9 14.1 1.1 5.5
attrition-wet-600 rpm 0.3 6.1 34.8 12.1 1.0 5.9
aSpray-dried powder, planetary ball-milled (PBM) by agate balls and agate container without any 
dispersant.
bSpray-dried powder, PBM by yttrium-stabilised-zirconia (YSZ) balls and agate container with hexane.
cSpray-dried powder, PBM by YSZ balls and polypropylene container without any dispersant.
dSpray-dried powder, attrition-milled by YSZ balls and YSZ container without any dispersant at a speed 
of 150 revolutions per minute (rpm).
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Table 4.2. Pore volume and diameters determined by Static Nitrogen Adsorption Method
spray-dried powder just 
after sintering at 830 °C
spray-dried powder dry- 
milled for 3 hours
volume of pores less than 119 nm at a 
relative pressure Pc/P = 0.9835 (cm3/g)
0.00291 0.0267
average pore diameter (nm) 7.08 20.9 ...
Table 4.3. Chemical analysis of spray-dried powders sintered at 830 °C for 20 hours and 





Cu Si Zr c
powder before milling 1.84¥ 0.39 1.90 2.11 3.60 0.0012 0.000077 0.0013
agate-agate balls-dry 1.84 0.40 2.20 2.49 3.98 0.88 < 0.00631 0.0045
agate-agate balls-wet 1.84 0.34 1.81 2.12 3.31 0.0085 < 0.00040 0.0036
agate-ysz balls-dry 1.84 0.40 2.19 2.51 3.87 0 . 0 1 1 < 0.00050 0.0050
agate-ysz balls-wet 1.84 0.34 1.84 2.17 3.37 0.0088 <0.00041 0.0037
polypro-ysz balls-dry 1.84 0.33 1.93 2.16 3.35 0.0012 0.000074 0.0092
polypro-ysz balls-wet 1.84 0.36 1.99 2.20 3.60 0.0010 0.000077 0.0069
attrition-wet 1.84 0.38 2.00 2.24 3.62 0.00124 0.000077
attrition-dry 1.84 0.38 1.92 2.2 3.65 0.00104 0.000077
theoretical 1.84 0.35 1.91 2.05 3.05
t  Above values are normalised with respect to Bi content
|  Where values are given as <......... , this represent detection limit.
¥ These values range between ± 1-10%
Table 4.4. Critical current (77 K) analysis the Ag-clad Bi-Pb-Sr-Ca-Cu-0 tapes made of 
spray-dried precursor powders sintered at for 20 hours and ground by various milling 
systems for 3 hours before being tapped into Ag-tube. The tapes were subjected to a 
heat treatment process consisting of three sintering with two intermediate pressings. 
Each sintering was conducted in air at 832 - 836 °C for 60 hours [124].
sample particle size Jc (A/cm2)
1 1-2 pm 14,000 ± 4
2 6-10 pm 5,124 ± 4
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Fig.4.3. SEM micrographs of spray-dried precursor powders planetary-milled for 
3 hours using: a) YSZ balls and polypropylene container (dry), b) YSZ balls and 
polypropylene container (wet), c) YSZ balls and agate container (dry), d) YSZ balls and 
agate container (wet), e) agate balls and agate container (dry), f) agate balls and agate 
container (wet).
Fig.4.3a















Fig.4.4 XRD patterns of spray-dried powders (a) before planetary-milling, (b) after 3 hours wet-milling, 
(c) after 3 hours dry-milling.
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Fig.4.5. Particle size distribution by volume vs diameter of powders a) just after
sintering, b) planetary-milled for 10 mins, c) lhour, d) 3 hours.
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F ig .4 .6 . SEM  m icro g rap h s  o f  sp ray -d ried  p re c u rso r  p o w d e rs  a) just after
sintering, b) planetary-milled for 10 minutes, c) 1 hour, d) 3 hours.
Fig.4.6a





F ig .4.7. SEM  m ic ro g ra p h s  o f  sp ra y -d rie d  p re c u rso r  p o w d e rs  a ttritio n -m illed  by a
speed of a) 600 rpm as dry, b) 600 rpm as wet, c) 150 rpm as dry, d) 150 rpm wet.
Fig.4.7a
F ig .4 .7 b
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Fig.4.7c





In this chapter the production of HTSC precursors by the three different chemical 
route techniques, namely freeze-dry, spray-dry and thermal co-decomposition methods, 
plus the two-powder oxide route method were investigated experimentally. The most 
reactive precursor made by the chemical route was made by the freeze-drying method. 
The reactivity of the powders was related to the particle size and stoichiometric changes 
during heat treatment (see also chapter 3). 60 hours sintering at 850 °C was sufficient to 
form nearly pure single-phase (91%) Bi-2223 when the freeze-drying method was 
employed (see chapter 5), whereas the maximum amount of Bi-2223 phase produced by 
the thermal co-decomposition method was 77% for 83 hours sintering at 850 °C in air, 
and the maximum amount of Bi-2223 phase produced by spray-drying was 55% for 150 
hours sintering at 850 °C in air (see page 132). The two-powder oxide route was found 
to be intermediate in efficiency among the other techniques used here; i.e., it is worse 
than freeze-dry and thermal co-decomposition but better than spray-dry.
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5.2. Experimental
Samples of Bi-Pb-Sr-Ca-Cu-O were prepared through four different routes: 
freeze-drying, spray-drying, thermal co-decomposition, and two-powder oxide method.
The precursor powders prepared through freeze- and spray-drying routes, and 
thermal co-decomposition were made by the same method to obtain nearly 100 gms for 
each method. As explained in chapters 4 and 6, metal nitrate solutions were made by 
weighing and dissolving Bi(N03)3.5H20  in ~3 Mol/L nitric acid; Pb(N 03)2, Sr(N 03)2, 
Ca(N 03)2.4H20 , Cu(N 03)2.2.5H20  in distilled water; and mixing the five solutions in the 
cation ratio Bi/Pb/Sr/Ca/Cu = 1.84/0.35/1.91/2.05/3.05. The nitrate solution was flash 
frozen by atomisation into liquid nitrogen for the freeze-drying operation and was fed 
into a spray-drying machine for the spray-drying operation. The frozen solution was 
placed in a freeze-drier. The dried powders were transferred into an alumina crucible, 
placed in a muffle furnace preheated to 250°C for an hour, and calcined at 770 °C in the 
muffle furnace for nearly 15 hours in air, hand ground by alumina mortar and pestle for 5 
mins, pressed into pellets using 3 tons pressure, and sintered in air at 850 °C (see 
chapter 5) for various times. When the thermal co-decomposition method was utilised, 
the mixed nitrate solution was evaporated to dryness with magnetic stirring, calcined at 
770 °C for nearly 15 hours in air, ground by alumina mortar and pestle for 30 mins,
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screened to 130 mesh and then pressed into pellets as above for sintering at 850 °C for 
20, 36, 60, 83, 100, 150, and 197 hours.
As discussed in chapter 4 to produce precursor powders using the two-powder- 
process, CaCuC>2 and Bi1.8Pb0.35Sr1.91Ca1.05Cu2.05O8 were prepared as separate 
intermediate phases from Bi203 , PbO, SrC03 , CaC03 , and CuO. The powders were 
calcined in air for 24 hours at 840 °C for Bi1.84Pb0.35Sr1.91Ca1.05Cu2.05O8 and 48 hours at 
900 °C for CaCu02 and hand ground separately in an alumina mortar and pestle for 
nearly 15 mins. Powder mixtures, with the overall composition 
Bi1.84Pb0.35Sr1.91Ca2.05Cu3.05Ox were made by combining the appropriate amounts of 
Bi1.8Pbo.35Sr!. 91Ca1.05Cu2.05O8 and CaCu02 and milling for nearly 30 mins in acetone. 
Finally, the powder mixtures were pressed into pellets and sintered at 850 °C in air for 
different times (see above).
The samples were characterised by XRD, SEM, chemical analysis using Coupled 
Plasma-Atomic Emission Spectrometry (ICP-AES), and a low-angle laser light scattering 
( LALLS ) device - the Malvern Mastersizer for particle size and distribution.
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5.3. Results and Discussion
The XRD patterns (Figs 5.1, 5.2, 5.3, 6.2,and 6.3) and Bi-2223 phase evolution 
versus time curves (20, 36, 60 83, 100, 150, and 197 hours sintering) (Fig.5.4) show that 
the most reactive powder is obtained from the freeze-drying process as compared to 
thermal co-decomposition, two-powder, and spray-dried powders. As mentioned above, 
for 60 hours sintering time at 850 °C in air, the Bi-2223 amount achieved has a maximum 
of 91%. Maximum yields for the other routes were 82% for two-powder (100 hours), 
77% for thermal co-decomposition (83 hours), and 55% for spray-dried (150 hours). 
The precursor powders produced by two of the chemical routes employed here, viz. 
freeze-drying and thermal co-decomposition, are evidently more reactive than the two- 
powder oxide route process. Although the precursor powders produced by two-powder 
method yielded a maximum amount of 2223 phase (82%) which was higher than that 
produced by the thermal co-decomposition method, the latter reached 77% Bi-2223 
phase in 83 hours whereas the former reached 72% Bi-2223 after the same sintering 
time, showing that the thermal co-decomposition precursor powder was slightly more 
reactive than that from the two-powder route. This tendency can be clearly seen in 
Fig.5.4 at other sintering times, if the two methods are compared with respect to the 
amount of high-Tc 2223 phases formed.
Table 5.1 shows that 50% of the powders produced by thermal co-decomposition 
are < 13 pm in size whereas the corresponding figure is 20 pm for two-powder
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precursor powders (-50% higher). Similarly, the S.S.A value for the thermal co­
decomposition powders is 1.90 m2/ gm, a value -70%  higher than the value for the two- 
powder route ( 1 . 1 3m /  gm). When the intensities of the X-ray diffraction peaks from the 
non-superconducting phases (especially Ca2C u03) are compared, it is seen that two- 
powder precursor powders contain more superconducting phases with respect to the 
decomposition and the freeze-dried powders, again showing the higher reactivities of the 
latter two precursor powders.
The sluggishness of the Bi-2223 phase formation in the spray-drying process as 
compared to the two-powder route is now considered. It is suggested here that after 
each calcination period of the initial powders (CaCu02 and Bi1.8Pbo.35Sr 1.91 Ca i.oiCuo.oiOg) 
before and after mixing for producing final two-powder precursor powders, grinding in 
an alumina mortar and pestle is required. This would strongly reduce the particle size of 
the precursor powders (Table 5.1) and increase their reactivity, compared to coarser the 
spray-dried material. The only grinding for the spray-drying process was for a couple of 
minutes in an alumina mortar and pestle after calcination and prior to the pressing into 
pellets. If we leave aside the exceptional case for spray-drying due to the reasons 
explained above we could conclude that the precursor powders produced by chemical 
routes employed here such as freeze-drying and thermal co-decomposition are more 
reactive than the two-powder oxide route process utilised in this work as mentioned 
previously.
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The other major advantage of the chemical route is the relatively small amount of 
heat-treatment (at least three different calcination periods are required for two-powder 
process) of the precursor powders before forming the final products such as the bulk- 
rod, tapes and wires. One of the main reasons for the low formation rate of the Bi-2223 
phase in the oxide routes (here two-powder route) compared to the freeze-dried and 
decomposition powders might be the presence of carbonates in the starting materials, 
resulting in segregation of cations in the final powders. The present results show some 
similarities with the work done by Song et al. [151]. They also found that the freeze­
drying method produced more reactive powder with respect to oxide methods, and also 
dry-mixing and sol-gel processes where the metal nitrates were dissolved in citric acid. 
The reason for the relatively higher reactivities of the chemical route is also suggested in 
many literature reports [3,151] in terms of initial mixing of metal ions on the atomic- 
scale, and avoiding cationic segregation when the solvent is removed.
Table 5.1. Particle size analysis for precursor powders produced by different methods 
before pelletising and sintering at 850 °C.
production method D[v,0.1] D[v,0.5] D[v,0.9] D[4,3] D[3,2] S.S.A
pm pm pm pm pm m'/gm
freeze-drying 0.3 4.9 19.6 8.1 1.0 6.0
two-powder 2.2 20.2 43.0 19.7 5.3 1.1
thermal co-decomposition 2.1 13.1 39.0 19.6 3.2 1.9
spray-drying 2.6 33.7 53.0 30.4 8.9 ... 0.7...
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Table 5.2. High-Tc phase volume % and cation ratios as a function of sintering times for 
the precursor powders produced by thermal co-decomposition; obtained using chemical 
analysis through icp-aes.
sintering times (h) Sr/Ca Cu/Sr Bi/Pb 2223%
0 1.00 1.52 4.84 0
20 0.97 1.55 4.84 53.0
36 0.94 1.67 4.84 67.2
60 0.95 1.57 4.97 71.9
83 0.94 1.58 5.41 77.1
100 0.96 1.55 4.97 73.6
150 0.93 1.63 5.41 67.6
197 0.92 1.67 7 52.6
theoretical 0.93 1.60 5.26 -
Table 5.3. High-Tc phase volume % and cation ratios as a function of sintering times for 
the precursor powders produced by two-powder method; obtained using chemical 
analysis through icp-aes.
sintering times (h) Sr/Ca Cu/Sr Bi/Pb 2223%
0 0.95 1.53 4.84 0
20 0.94 1.53 4.84 40.0
36 0.91 1.57 4.84 57.0
60 0.90 1.55 4.72 58.3
83 0.90 1.58 5.11 71.9
100 0.94 1.54 5.11 81.6
150 0.86 1.61 4.84 42.5
197 0.90 1.68 4.84 36.4
theoretical 0.93 1.60 5.26 -
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Table 5.4. High-Tc phase volume % and cation ratios as a function of sintering times for 
the precursor powders produced by spray-drying; obtained using chemical analysis 
through icp-aes.
sintering times (h) Sr/Ca Cu/Sr Bi/Pb 2223%
0 0.90 1.54 4.72 0
20 0.96 1.55 4.97 12.6
36 0.90 1.65 4.72 18.3
60 0.97 1.58 4.97 29.4
83 0.88 1.67 5.11 29.6
100 0.90 1.66 5.41 49.3
150 0.93 1.59 5.11 54.8
197 0.89 1.68 4.72 44.2
theoretical 0.93 1.60 5.26 -
From the XRD patterns of the samples produced by different methods and 
sintered at different temperatures (Figs. 5.1, 5.2, 5.3, and 6.2, Tables 5.2, 5.3, 5.4, and 
6.2) it is seen that the 2223 phase co-exist with Sri4Cu2404, but alternatively the 2223 
phase can co-exist with Ca2Cu03 and CuO (see chapter 6). For instance, for 197 h 
sintering in all the processes, the Cu/Sr ratio is the highest, nearly equal to 1.68 and the 
Sr/Ca ratio is one of the lowest values, nearly equal to 0.90 compared to other sintering 
periods, indicating that for 197 h sintering at 850 °C in air the 2223 phase, when it is 
decomposed, is in equilibrium with the phases CuO and Ca2Cu03 , as shown by X-ray 
diffraction. The other important result obtained here is that Pb is not preferentially 
volatilising as the sintering process goes on: for 0 and 197 hours sintering the measured 
Bi/Pb ratio did not change, e.g., remaining constant at 4.84 and 4.72 for two-powder and 
spray-drying, respectively (by more than ~2%) (see chapter 6). Moreover, the maximum
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solid solubility of Pb in the 2223 phase is dependent on the sintering time [83,128]. 
Although Majewski [83,128] and co-workers reported that the Pb solubility in 2223 was 
dependent on temperature and the sintering time, they did not present any experimental 
evidence for these statements.
The SEM micrographs (Figs.5.5, 5.6, 5.7, 6.2), together with the XRD patterns, 
demonstrate that 2223 growth is in the a-b plane, confined by the 2212 plates which look 
like needles grown in the c direction, as explained in chapter 6. For example, when the 
SEM micrographs of the thermal co-decomposition precursor powders (Fig.5.5) are 
considered, the 2212 plates have grown in their c-directions as needles (Fig.5.5a), and 
the 2223 phase has grown in its a-b plane. At extented sintering times, decomposition of 
the 2223 phase (Fig.5.5e) took place with some partial melting, resulting in the 
formation of a glassy phase (Fig.5.5g). This can be seen clearly also in Figs.5.5g, 5.6g, 
and 5 . 1  g .
The 2212 needles can be distinguished from the edges of the 2223 plates in SEM 
micrographs from Fig. 5.5a to Fig.5.5f. By rotating the sample about a horizontal axis in 
the SEM the furry particles seen in these micrographs are precursor powder particles 
remaining on specimens during sample preparation. The curved curtains seen in Fig.5.5g 
indicate the glassy phase mentioned above. Similar structures are also visualised in 
Figs.5.6a to 5.7g., i.e, 2212 needles, 2223 edges, precursor powder particles, and the
glassy phases (Figs.5.6g and 5.7g).
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5.4. Summary
It was found that the most reactive powder is obtained from the freeze-drying 
process, whose final particle size is the smallest, as compared to the thermal co­
decomposition, the two-powder, and the spray-dried powders. The smaller the particle 
size, the higher the reactivity of the powder.
Apart from spray-drying, it was concluded that the precursor powders produced 
by chemical routes employed here such as freeze-drying and thermal co-decomposition 
are more reactive during sintering to produce the 2223 phase than the oxide route, 
notably the two-powder process utilised in this work as mentioned above. The main 
reason for the relatively higher reactivities of the chemical route is initial mixing of metal 










Fig.5.1. XRD patterns of the bulk Bi-Pb-Sr-Ca-Cu-0 superconductor samples prepared from the
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Fig.5.2. XRD patterns of the bulk Bi-Pb-Sr-Ca-Cu-0 superconductors prepared from the precursor










Fig.5.3. XRD patterns of the bulk Bi-Pb-Sr-Ca-Cu-0 superconductors prepared from the spray-dried
precursor powders sintered at 850 oC for various times.
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Fig.5.4. High-Tc phase volume fraction as a function of sintering time for the bulk Bi-Pb-Sr-Ca-Cu-0 
superconductors prepared from A) freeze-dried, B) two-powder, C)thermal co-decomposition, and 
D) spray-dried precursor powders.
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Fig.5.5. SEM micrographs of the bulk Bi-Pb-Sr-Ca-Cu-0 superconductors 
prepared from the thermal co-decomposition powders sintered at 850 °C in air for a) 20 
h, b) 36 h, c)60 h, d) 83 h, e) 100 h, f) 150h, g) 197 h.
Fig.5.5a 10 pm
F ig .5 .5b 10 p m
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Fig.5.6. SEM micrographs of the bulk Bi-Pb-Sr-Ca-Cu-0 superconductors 
prepared from the spray-dried powders sintered at 850 °C in air for a) 20 h, b) 36 h, 
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Fig.5.7. SEM micrographs of the bulk Bi-Pb-Sr-Ca-Cu-0 superconductors 
prepared from the two-powder precursor powders sintered at 850 °C in air for a) 20 h, 
b) 36 h, c)60 h, d) 83 h, e) 100 h, f) 150h, g) 197 h.










DEVELOPMENT OF HIGH-TC (2223) PHASE
6.1. Introduction
L  H i g h - T c ( 2 2 2 3 )  P h a s e  F o r m a t i o n  M e c h a n i s m s  a n d  K i n e t i c s
There have been several proposals regarding the formation mechanisms of the 
(Bi,Pb)-2223 phase, but the exact mechanism is not yet known. In general, the different 
mechanisms proposed can be categorised by the following:
1 . A liquid phase related to Ca2Pb04is proposed to be present; (Bi,Pb)-2223 then 
forms by a disproportionation reaction [152] involving PbO flux [153] or a reaction 
between 2212 and the liquid phase [114,154-158];
2. Ca2P b04-related liquid phase is again proposed to be present; the liquid phase 
is related to the melting of 2212; (Bi,Pb)-2223 forms by a precipitation process 
[138,139];
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3. No liquid is required to form (Bi,Pb)-2223; (Bi,Pb)-2223 forms by an insertion 
process where the Ca, Cu and O diffuse into the Bi-2212 phase and it converts to Bi- 
2223 phase [80,159-172],
4. The addition of Pb lowers the glass transition temperature which is the 
temperature where a liquid is supercooled with a rigid structure but without long-range 
order, Tg, and extends the glass-working range (glass-stability) of the 2223 phase [165], 
The term “high-Tc superconducting glass-ceramics” was employed by Komatsu et al.
[166] to describe Bi-Sr-Ca-Cu-0 material which has been melted and then subjected to 
controlled cooling and has since been adopted throughout the literature. Komatsu et al.
[167] , Hinks et al. [168], Inoue et al. [169], and Minami et al. [171] were among the first 
to succeed in preparing rapidly quenched Bi-Sr-Ca-Cu-0 or Bi-Pb-Sr-Ca-Cu-0 glasses. 
Yuan et al.[171] hypothesised that the substitution of Pb would increase the Cu3+/Cu2+ 
ratio, leading to an increase in Tc. Komatsu et al. [174] and Mizuno et al. [80] found that 
Pb acts as flux for the formation of high Tc-phases.
5. The addition of Pb, combined with excess Ca, leads to the formation of 
Ca2P b04, which acts as a reservoir for Ca and prevents PbO from acting as a flux [164], 
The formation of the Ca2Pb04 phase produces partially melted materials (non­
superconducting phases such as Ca2CuC>3 and Sri4Cu240 4i ), offers a fast reaction path to 
form 2223 [139], and accelerates the formation of 2212 phase [173-177]. Ca2Pb04 
decomposes or melts around at 825 °C in the presence of 2 2 12  phase [178] (note that
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Kitaguchi et al. [179] reported that Ca2P b 0 4 by itselfis stable up to 980 °C in air), and 
widens and lowers the temperature range of partial melting. The liquid enhances 
dissolution of the 2212 phase as well as other unwanted phases [139],
6. Pb can substitute for Bi in the crystal structure of the 2223 phase [175]. The 
volume fraction of the 2223 phase increases with increasing Pb, but excess Pb lowers the 
formation temperature of intermediate species and forms strontium-lead oxide as a new 
intermediate phase [163] (see Chapter 3).
7. According to Wong-Ng et al. [173], relative to the exact 2223 stoichiometry, 
excess amounts of Ca and Cu are needed for the formation of significant quantities of 
2223. However, Chen et al. [154,156] found that the optimum composition which 
maximises the 2223 formation should be stoichiometric in Ca and Cu, but contain a slight 
excess of Pb (see Chapter 3).
All the proposed (Bi,Pb)-2223 formation mechanisms, except for the insertion 
mechanism, appear to depend on the presence of a liquid phase, but even the insertion 
process could be facilitated by faster cation diffusion in a liquid. Therefore, it appears 
that understanding the (Bi,Pb)-2223 formation mechanism can be furthered by 
elucidating the role Ca2Pb04 plays in forming (Bi,Pb)-2223 and the source of liquid 
phase.
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This chapter concentrates on high-Tc (2223) phase formation and its formation 
mechanisms during heat treatment of freeze-dried nitrate-route material. The high-Tc 
phase formation kinetics were analysed using the Avrami relation for the isothermal 
phase transformations [180] (see below).
i i .  H i g h - T c ( 2 2 2 3 )  P h a s e  F o r m a t i o n  K i n e t i c s
The Avrami equation, which has been found to be well suited to describe the 
(Bi,Pb)-2223 phase formation [181], is expressed as follows:
C = 1- exp ( -ktn ) (6.1)
where C is the volume fraction of the sample transformed into (Bi,Pb)-2223, k is the rate 
constant, t is the time at the reaction temperature and n is an exponent (the Avrami 
exponent), dependent on the nature and the characteristics of the transformation. 
According to Rao and Rao [182], in the case of diffusion-controlled transformations, the 
exponent n can take the following values:
1 . n = 2.5: initial growth of particles nucleated at constant rate
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2 . n = 1.5 : initial growth of particles nucleated only at the start of the 
transformation
3. n = 1: growth of isolated plates or needles of finite size
4. n = 0.5: thickening of plates after their edges have impinged.
It is important to note that the value of n is subject to variations in the 
transformation conditions, making it difficult to directly compare the n values determined 
by different authors under various experimental conditions.
In equation 6.1, the reaction rate obeys an Arrhenius type of relation [183]:
k = ko exp (-Eact/ RT) (6-2)
where ko is a constant, Eact is the activation energy for the 2223 phase formation, R is 
the gas constant and T is the absolute temperature.
Substituting equation 6.2 into 6.1 and rearranging the terms gives,
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ln[-ln ( 1-C )] = ( lnk0 - Q/RT) + n lnt (6.3)
At a given temperature, the first term of the right side of equation is a constant.
The theoretical analysis of Avrami is based on the assumption that germ nuclei 
from which the new phase is nucleated are already present and randomly distributed in 
the sample at the time taken as t = 0.
Sung and Hellstrom [178] prepared the precursor powders by the oxide (solid 
state) route, isostatically cold-pressed them, machined the compact to form a rod, then 
inserted the rod into Ag-tape which was heat-treated under vacuum at 600 °C for 10 
hours to prevent tape-bubbling, sintered at temperatures between 805°C and 850°C for 1 
to 96 hours, and quenched into oil. They analysed the kinetics of forming (Bi,Pb)-2223 
from a mixture of 2212 and nonsuperconducting phases, mainly Ca2Pb0 4 and CuO, 
using Avrami analysis [180,184-185]. They concluded that the kinetics were described 
by a diffusion-controlled two dimensional nucleation and growth process. They found a 
large apparent activation energy for forming (Bi,Pb)-2223, 890 kJ/ mole above 825 °C 
and 2500 kJ/ mole below 825 °C in 7.5% 0 2/Ar. Liquid formation above 825 °C 
appeared to be vital for speeding up the formation kinetics. These results also are in 
good agreement with those obtained by Grivel and Flukiger who had utilised the powder 
mixtures of coprecipitated oxalates with two different nominal compositions 
Bi1.83Pbo.33Srj.93Ca1.93Cu3.ooOx and Bi1.72Pbo.34Sr1.83Ca1.97Cu3.13Ox. These powders were
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heat-treated in the same way: the oxalates were first dehydrated and decomposed at 
750°C, pressed into pellets and calcined at 800°C for 48 hours in air, sintered further at 
different temperatures controlled within ± 1°C, and quenched in air and oil [183]. They 
have found that increasing the temperature at which the precursor powders are calcined 
results in a lowering of the apparent Eact, and a longer holding time at the chosen 
sintering temperature results in a lowering of the apparent Eact, due to the smaller 
contribution of the partial melting reaction to the overall process.
6.2. Experimental
As discussed in Chapter 5, Bi1.84Pb0.35Sr1.95Ca2.05Cu3.05Oy ceramics were prepared 
using the freeze-dry method. The resultant nitrate-solution (see Chapter 4) was fed into 
the spray-dry machine (Yamato, Model GA-32) (Fig. 4.2), which was used as an 
atomiser for the solution before being fed in to the freeze-dry machine (Labconco 
Freeze-dry system, Freeze Zone 4.5)
The nitrate solution was atomised into a stainless-steel thermos containing liquid 
nitrogen. The frozen powder was then transferred to the freeze-dry machine pre-set to a 
temperature of -45 °C and operated at a pressure of 0.1 Pa. The sample temperature and 
chamber pressure were continuously monitored and the temperature was raised to 20 C 
over a period of one day (NP Chapter 5 has given the details of subsequent calcination 
and sintering treatments).The heat-treated samples were characterised by SEM, XRD
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and ICP chemical analysis. The bulk Bi-Pb-Sr-Ca-Cu-0 samples were polished but not 
etched and mounted in a polymeric container and C-coated for the back and secondary 
scattering SEM.
The XRD technique has been used to estimate the phase composition of the 
superconducting system [162,181,186-189], For the Bi-2223 system, the ratio 
I2223 (0010) / [12212 (008) + I2223 (0010), where I is the intensity of the XRD peaks, was 
used for this purpose. It was also employed here to detect the volume fraction of the 
2223 phase for different sintering times (see page 131).
6.3. Results and Discusión
The high reactivity of freeze-dried precursors is seen from the formation of a 
large fraction of 2223 (91%) after holding for 60 hours at 850 °C (solubility of Pb in the 
2223 phase is a maximum at 850°C [128]) (see Fig.6.1). The advantages of this process 
over conventional oxide routes and some other chemical routes have been described in 
previous chapters.
According to K. Schultze at al [70]., the equilibrium phase reaction of the 
unleaded BÍ203-Sr0 -Ca0 -Cu0  system with a chemical composition of the Bi-2223 
phase at 850 °C is (see page 54 in Chapter 3)
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Bi-2212 + 1/2 Ca2C u03 + 1/2 CuO = Bi-2223 (6.4)
If the chemical composition of the superconducting precursor is close to 
stoichiometric Bi-2223 and the starting phases of the calcined and/or sintered samples 
are mainly Bi-2212 (see Fig.5.2) and the other nonsuperconducting phases [139,191­
194]:
Bi-2212 + SP = Bi-2223 (6.5)
where SP denotes the nonsuperconducting phases, in addition to Bi-2212. When PbO is 
added, the cations, Ca2+ and Cu2+, in the melt can be quickly transported to the surface of 
Bi-2212, where the Bi-2223 phase nucleates and grows. In other words, the Ca2Cu03 
improves the cation diffusion and accelerates the chemical reaction. It is suggested here 
that, during formation of the 2223 phase, Ca2Pb04 acts like a catalyst, assisting the 
melting process and speeding up the growth of the 2223 phase in such a way that 
Ca2Pb04 produces a lead-rich liquid phase and CaO at a temperature above its melting 
point (equation 6.6).
Table 6.1 shows that the Bi/Pb ratio increased to 4.84 from its starting value of 
4.72 after 20 hours sintering, remained constant at 36 hours, and increased to 5.11 after 
60 hours. Thus there was no significant change occurred during prolonged sintering, but
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only a small amount of evaporation (~8%), suggesting that Pb in the form of Ca2Pb04 is 
participating in the nucleation process for 2223 phase and its influence on the growth of 
2223 phase is not substantial as Ca2+ and Cu2+. Within the lead-rich phase, the rate of 
interdiffusion among the 2212 phase, Ca2C u03 and CuO, can be increased beyond that 
of solid-state diffusion if a liquid phase is present. Therefore, the equation 6.4 becomes
Bi2Sr2CaCu20g (reacted) + Ca2C u03 (reacted)+ CuO (reacted) + Ca2Pb04 
(reacted) = (Bi,Pb)2Sr2Ca2Cu3Oi0 + Sri4Cu240 4i + Ca2Pb04 (unreacted) +
CuO (unreacted) + Ca2Cu03 (unreacted) + Bi2Sr2CaCu2Og (unreacted) (6.6)
where Ca2Pb04 (reacted) * Ca2Pb04 (unreacted) (see chapter 5).
XRD patterns in Fig.6.2 clearly show that nonsuperconducting phases such as 
CuO, Ca2C u03, , Ca2Pb04 and SrMCu240 4i are present during and after the formation of 
the 2223 phase (20, 36, and 60 hours sintering). This result also confirms work done by 
Majewski [83]. As discussed in Chapter 3, he has determined four- and five-phase 
regions of phases present such as 2223, Ca2Cu03, CuO, Ca2Pb04, and Sri4Cu240 4]. 
Table 6.1 shows the variation of the Sr/Ca, Cu/Sr and Bi:Pb ratios as a function of 
sintering time at 850 °C. The Sr/Ca and Cu/Sr ratios decreased during 20 and 36 hours 
sintering. It is emphasised that the 2223 phase is in equilibrium with Ca2C u03 and 
Ca2Pb04 (See Fig.6.2). After 60 hours of sintering, the Sr/Ca ratio increased rapidly and 
reached a maximum value of 1.00, and the Cu/Sr ratio increased from 1.46 to 1.53,
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indicating the 2223 phase is in equilibrium mainly with Sri4Cu2404i and CuO (Fig.6.2 ). 
Table 6.2 lists the 2223 phase data for the bulk Bi-Pb-Sr-Ca-Cu-0 superconductors 
sintered at 850 °C for 60 hours in air.
Table 6.1. High-Tc phase volume %  and cation ratios as function of sintering time 
obtained using chemical analysis through icp-aes.
sintering time (hr) Sr/Ca Cu/Sr Bi/Pb 2223%
0 0.96 1.51 4.72 0
20 0.96 1.49 4.84 74.28
36 0.92 1.46 4.84 78.8
60 1.00 1.53 5.11 91
83 0.95 1.47 5.26 83.8
100 1.00 1.47 5.11 58.7
150 0.91 1.46 5.41 54.4
197 0.87 1.67 5.46 53.7
theoretical 0.93 1.60 5.26 -
167
Table 6.2. The experimental data for the 2223 phase of the bulk Bi-Pb-Sr-Ca-Cu-0 
superconductors sintered at 850 °C for 60 hours in air, together with a calculated set of 
values.
2 0  (°) dobs (A ) d*cal (A ) h k 1 lobs
4 .7 5 1 8 .6 0 3 1 8 .6 0 5 0 0 2 2 4
1 9 .1 4 4 .6 3 8 4 .6 3 8 0 0 8 9
2 3 .9 1 3 .7 2 2 3 .7 2 2 0 0 10 7 2
2 4 .3 4 3 .6 6 4 3 .6 5 7 1 1 3 18
2 6 .1 5 3 .4 0 8 3 .4 0 8 1 1 5 51
2 8 .7 7 3 .1 0 3 3 .1 0 3 1 1 7 100
3 1 .8 5 2 .8 1 0 2 .8 1 0 1 1 9 63
3 3 .0 5 2 .7 1 0 2 .7 1 0 0 2 0 71
3 3 .4 3 2 .6 8 0 2 .6 8 1 2 0 2 22
3 3 .7 9 2 .6 5 3 2 .6 5 3 0 0 14 7 6
3 5 .4 1 2 .5 3 5 2 .5 3 5 1 1 11 4 9
3 8 .8 1 2 .3 2 0 2 .3 2 1 0 0 16 14
4 1 .1 7 2 .1 9 3 2 .1 9 3 2 0 10 12
4 3 .8 6 2 .0 6 3 2 .0 6 4 0 0 18 13
4 4 .4 3 2 .0 3 9 2 .0 3 9 0 2 12 4 2
4 7 .4 7 1 .915 1 .915 2 2 0 4 3
4 7 .9 5 1 .8 9 7 1 .897 1 1 17 4 0
5 0 .5 7 1 .805 1 .805 0 3 1 11
5 1 .7 9 1 .765 1 .765 2 2 8 13
5 2 .5 3 1 .7 4 2 1 .7 4 2 1 1 19 28
5 3 .9 1 1.701 1.701 2 2 10 15
5 4 .9 9 1 .6 7 0 1 .6 7 9 1 2 16 15
5 6 .4 9 1 .6 3 0 1 .6 2 9 1 3 7 25
5 7 .3 6 1 .6 0 6 1 .6 0 6 1 1 21 17
5 8 .3 1 1 .5 8 2 1 .5 8 2 3 1 9 17
5 9 .7 5 1 .548 1 .5 4 8 0 0 24 32
* ĈuKa ~ 1-542 A
a = 3.779 A, b = 3.834 A, c = 37.154 A
During the decomposition of the 2223 phase, the Sr/Ca and the Cu/Sr ratios 
decreased from 1.00 to 0.95 and from 1.53 to 1.47, respectively, from 60 to 83 hours of 
sintering , showing the 2223 phase is in equilibrium with Ca2Cu03 (seen as dark phases
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in Fig.6.7d); the ratio Bi/Pb increases from 5.11 to 5.26 over the same period, showing 
that the solubility of Pb decreases in 2212 and other nonsuperconducting phases and 
there is only insignificant evaporation of Pb during the annealing procedure. After 100 
hours sintering the Sr/Ca ratio reached again its maximum value of 1.00 and the Cu/Sr 
ratio remained constant at 1.47; showing that the 2223 phase is in equilibrium with 
Sri4Cu2404i and CuO (Fig.6.7e). After 150 hours decomposition of the 2223 phase 
proceeds further; the Sr/Ca ratio decreased to 0.91 from 1.00, the Cu/Sr ratio remained 
nearly constant at 1.46 and the Bi/Pb ratio increased to 5.41, indicating that the 2223 
phase is in equilibrium with CuO and Ca2Cu03 (Fig.6.7f). For 197 hours the Sr/Ca ratio 
decreased further to value 0.87, and the Cu/Sr and Bi/Pb ratio increased to 1.67 and to 
5.46, respectively, indicating that the 2223 phase is in equilibrium with CuO and 
Ca2C u03 (Fig.6.7g).
Fig.6.3 presents a plot of ln[-ln (1-C)] versus lnt for the 2223 phase formation 
reaction. It indicated a two-stage process with a marked change of the n-exponent 
during the course of the 2223 phase formation after 36 hours sintering. At short sintering 
times (t < 60h) the slope is 0.2. For 36 h < t < 60 h , n is equal to 1. The values taken 
by n do not correspond strictly to one of those typical for the types of transformations 
listed on pages 157-158. This fact is not surprising since different types of reaction may 
proceed simultaneously. The values of the n for the first segment of the ln[-(l-C) ] vs 
plots probably do not reflect the initial process of the transformation. The initial slope, 
m, close to 0.5, indicates that at this stage of the reaction, thickening of the 2223 plates
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after their edges have impinged is the main process occurring since the increase in 2223 
amount is nearly 3 vol%, showing insignificant nucleation to have taken place (Fig.6.2 
and Figs.6.4a and 6.4b). Another explanation might be that due to the very high 
reactivity of the freeze-dried powder (nearly 75 %  of 2223 phase in 20 hours of 
sintering) the nucleation took place in a very small time or was suppressed by the fast 
2223-growth process. As mentioned above, the n values for medium sintering times 
(36 h < t < 60), n2, are nearly equal to 1. It is well known that the crystallites of the 2223 
phase have a plate-like shape with high aspect ratio (length to thickness ratio) (Fig.6.4). 
n = 1, therefore, represents a pure 2-dimensional growth without a contribution from a 
thickening of crystallites.
The above results on the kinetics of the formation of 2223 are not valid only for 
the samples produced by the freeze-drying but also for the samples prepared by the 
methods employed in chapter 5, such as two-powder and thermal co-decomposition 
routes. Fig.6.5 describes the reaction kinetics for thermal co-decomposition plus the 
two-powder oxide route, in addition to the freeze-dry route. Fig.6.5 shows three 
different n values for the samples prepared by the thermal co-decomposition and two- 
powder methods (Table 6.3). For sintering between 20-36 hours, m values for the co­
decomposition and two-powder routes are 0.7 and 0.2, respectively, indicating the 
growth of the already nucleated 2223 grains and thickening of the plates after their edges 
are in touch with each other, respectively (Figs.6.6a, 6.6b, 6.7a, and 6.7b). For sintering 
between 36-60 hours, n2 is 0.2 for the samples produced by both methods, indicating the
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thickening of the plates grown already (Figs.6.6c, and 6.7c). For sintering between 60 
and 100 hours, n3 is 0.7 for the thermal co-decomposition samples, and 2 for the two- 
powder samples. The first value indicates continuation of the grain growth of the pre­
existing 2223 grain via a-b planes confined by the matrix of 2212 plates grown in the c- 
direction (Figs.5.5c and 5.5a), while the second one indicates the initial growth of the 
nucleates at a constant rate (see page 154). The formation kinetics is therefore a multi­
stage process in the samples produced by two-powder route, and thermal co­
decomposition as well as in the case of the freeze-dried samples, i.e. both random- 
nucleation and growth occur in sintering at 850 °C in air during formation of the 2223 
phase.
Table 6.3. The Avrami exponents of the bulk Bi-Pb-Sr-Ca-Cu-0 
superconductors prepared from the precursor powders produced by three different 
methods during formation.
production method n*i n§2 @ n 3
freeze-drying 0.2 1
thermal co-decomposition 0.7 0.2 0.7
two-powder 0.83 0.2 2
* n values between 20-36 hours sintering 
§ n values between 36-60 hours sintering 
@ n values between 60-83 hours sintering
In bulk samples, Zhu et al.[196] studied a nominal composition corresponding to 
Bii.84Pb0.34SrL9iCa2.03Cu3.06Oi0-y by employing the (solid state) oxide route. They 
obtained n-values between 0.43 and 0.79 for sintering temperatures ranging from 840 °C
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to 870 °C and 7.5 h < t < 35 h. Grivel et al. [183] has found n values between 1.2 and 
0.63 at 857 °C for 12 < t < 35 for a nominal composition Bii.83Pbo.33Sri.93Cai.93Cu3.ooOio-y 
(see pages 159-160 for their sample preparation).
Grivel and Flukiger [183] and Hu et al. [189], who used the (solid state) oxide 
route to prepare precursor powders for producing Ag-clad tapes, have shown that the c- 
axis texture degree is lower at the surface of the pellets for the 2223 phase than for the 
2212 phase. The XRD patterns of Bi-Pb-Sr-Ca-Cu-0 pellets made by freeze-dried 
powders for 20, 36, and 60 h (Fig.6.2) and SEM micrographs (Fig.5.4a, 5.4b, and 6.4c) 
confirm these observations, where it is seen that the 2223 grains have some general 
alignment in the a-b plane (Fig.6.4c) and are confined in the early stages of formation by 
the plate-like matrix (2212) grown in c-direction (Fig.6.4a and 6.4b). Fig.6.4d and the 
XRD pattern for 83 hours sintering (Fig.6.2) showed that decomposition of the 2223 
into non superconducting (alkali earth cuprates) and 2212 had commenced as discussed 
above. From the SEM micrographs quasi-spherical liquid particles are seen, which are a 
mixture of Ca2Pb04 and nonsuperconducting phases [162,183,189] (indicated as L in 
Fig.6.7d). For 150 h, the mixture of 2212 plates (comparatively small in amount with 
respect to the 2223 grains) in the c-direction and the 2223 grains parallel to the a-b plane 
are seen in Fig.6.4f. For 197 h decomposition of the 2223 phase goes further. The 
random mixture of the 2212 plates and the 2223 grains in the a-b plane are seen in 
Fig.6.4g.
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As mentioned in chapter 5, the 2212 needles can be easily distinguished from the 
edges of the 2223 plates in SEM micrographs from Fig. 6.4a to Fig.6.4f.. The grain- 
growth of the both 2223 and 2212 phases is seen in Figs.6.4g, 6.7a, 6.7b, and 6.7c.
Four main phases, namely Ca2C u03 (indicated as B in Fig.6.7a), Sri4Cu240 4i 
(indicated as A in Fig.6.7a), 2212 (indicated as C in Fig.6.7a), 2223 (indicated as D in 
Fig.6.7a), are seen clearly in Figs.6.6 and 6.7 which was obtained from the back­
scattering SEM of polished samples seen in Fig.6.6. The Ca2C u03 phase observed is the 
darkest in colour, the Sri4Cu240 4i phase is having darker colour than the 2212, 2223, but 
lighter than the Ca2C u03. The 2212 phase has the lightest colour (Fig.6.7a); the matrix is 
the 2223 phase.
Primary incident electrons can be scattered back elastically from the surface of a 
specimen by direct interaction with the coulomb field of nucleus. Because of this, the 
backscatter fraction rj (percentage of incident electrons that are back-scattered) is a 
simple function of atomic number, Z, being approximately linear up to Z ~ 30 (r| = 0.3 
when Z = 30) and dropping off with increasing Z (r| ~ 0.45 when Z = 90). These 
electron therefore contain atomic number information and detectors can distinguished 
contrast changes due to atomic number differences of AZ ~1 in complex multi-element 
specimens [248]. The specimen is polished but unetched, so all the contrast is due to 
changes in atomic number, Z (see pages 160-161).
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In EDX analysis the intensities of the X-rays can be related to the amounts of 
each elements present in a volume of a sample under investigation, which is excited by 
the electron beam, making it possible to carry out chemical analyses. Fig.6.8 shows the 
chemical analyses profile of the phases Ca2C u03 (Fig.6.8a), Sri4Cu240 4i (Fig.6.8b), 2212 
(Fig.6.8c), and 2223 (Fig.6.8d) seen in Figs.6.6 and 6.7 (secondary and back-scattering 
images, respectively) by EDX obtained from the polished, unetched, and carbon-coated 
bulk Bi-Pb-Sr-Ca-Cu-0 superconductor samples sintered at 850 °C in air for 20, 36, 60, 
and 83 hours.
Table 6.4 includes the exact composition of the four main phases, which was 
obtain from the EDX analysis of back scattering SEM of the polished samples. The other 
phases such as Ca2Pb04, liquid phase, and the CuO are in very small quantities and 
particle sizes ( < 1 Jim) so that it is not possible to obtain their exact stoichiometric 
formulas since there is a severe limitation of the applicability of X-ray analysis in the 
SEM, EDX (energy dispersive analysis) due to electron scattering in the bulk of the 
specimen in a region ~l-2 pm in diameter [248].
Table 6.4. The cation ratio of the phases Ca2C u03, Sri4Cu240 4i ,2212, and 2223 obtained 
by EDX from the samples sintered at 850 °C in air for 20 hours.
phase Bi* Pb Sr Ca Cu O
2212 1.3 0.9 1.8 1.1 2.2 8
2223 1.8 0.34 2.0 1.8 3.2 10.0
Ca2C u03 0.0 0.0 0.2 1.8 1.0 3.0
Sri4Cu240 4i 0.2 0.1 7.5 7.4 25.0 41.0
* The above values are normalised to the values in the stoichiometric formulae.
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The experimental observations for the 2223 phase formation mechanisms and 
kinetics in this chapter are in general agreement with the reports by Hu et al. [190], 
Schultze et al [70], Chen [190], Sung and Hellstrom [178], and Grivel and Flukiger 
[183].
6.4. Summary
The two-dimensional nucleation (random)-growth mechanism here may be 
attributable to the growth of the Bi-2223 grain in the a-b plane direction of the Bi-2212 
matrix is being much faster than in the c-direction, or that the early-formed plate-like 
2212 phase confines the 2223 product. At the beginning of the reaction, the additional 
phases (nonsuperconducting) are partially melted. Because of the structure, composition 
and thermal fluctuation, the 2223 nucleates and grows in the phase boundary between 
the liquid phase and Bi-2212 [162]. It was shown here that the nucleation and the 
growth rate were relatively fast between 0 and 36 hours. At the final stage, between 36 
and 60 h, because of the impingement of the growth fronts of different nuclei, the high 
formation rate of 2223 is suppressed (Fig.6.1). The major reactant 2212 remains as a 
solid and its plate-like configuration (Fig.6.4) determines the two dimensional nature of 
the reaction. The amount of liquid forms during reaction is small. (See table 6.4)
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Fig.6.3. Plot of ln(-ln(l-C)] vs lnt for high-Tc phase formation for the bulk Bi-Pb-Sr-Ca-Cu-0 
superconductors prepared from the freeze-dried precursor powders.
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Fig.6.4. SEM micrographs of the bulk Bi-Pb-Sr-Ca-Cu-0 superconductors 
prepared from the freeze-dried precursor powders sintered at 850 °C in air for a) 20 h, 
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Fig.6.5. Plot of ln[-ln(l-C)] vs lnt for the high-Tc phase formation for the bulk Bi-Pb-Sr-Ca-Cu-0 
superconductors prepared by the A) freeze-drying, B) Thermal co-decompositon, C) two-powder 
precursor powders.
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Fig.6.6. SEM secondary electron micrographs of the bulk Bi-Pb-Sr-Ca-Cu-0 
superconductors prepared from the freeze-dried precursor powders sintered at 850 °C in 
air for a) 20 h, b) 36 h, c)60 h, d) 83 h. The samples were polished but not etched, and 
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Fig.6.7. Back-scattering SEM micrographs of the bulk Bi-Pb-Sr-Ca-Cu-0 
superconductors prepared from the freeze-dried precursor powders sintered at 850 °C in 
air for a) 20 h, b) 36 h, c)60 h, d) 83 h. The samples were polished but not etched, and 






Fig.6.8. Chemical analyses profile of the phases a) Ca2CuÛ3, b)Sri4Cu24C>4i, 
c) 2212, and d) 2223 seen in Figs.6.6 and 6.7 (secondary and back-scattering images, 
respectively) by EDX obtained from the polished, unetched, and carbon-coated bulk Bi- 
Pb-Sr-Ca-Cu-0 superconductor samples sintered at 850 °C in air for 20, 36, 60, and 83 
hours.
0 keV 10 keV
a) Ca2CuOs
O keV 10 keV
b)Sri4Cu2404i
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EFFECT OF GRAIN BOUNDARIES ON Tc and Jc VALUES OF BI­
BASED BULK SUPERCONDUCTORS
7.1 . Theory
7.1.1. The Nature of Grain Boundaries in High-Tc Superconductors
i. Introduction
At the present time, the properties of high angle grain boundaries are believed to 
control the macroscopic critical current density, which is a function of the applied 
magnetic field, JC(H), of all polycrystalline high-Tc superconductors. This control occurs 
because most high-angle grain boundaries act like barriers to the supercurrent and have 
electromagnetic properties that often are Josephson junction-like (i.e. junctions 
containing layers of conductors-insulators-conductors, such as Nb-Al20 3-Nb Josephson 
junctions [198]). As a result, the high angle grain boundaries in the microstructure 
introduce a network of weak links (reduced Jc regions) into a superconducting path.
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The superconducting coherence length £ defines the grain boundary thickness 
that can be traversed by the supercurrent. Barriers of thickness up to a few coherence 
lengths can still show superconducting coupling, albeit of reduced strength. In the 
layered orthorhombic high-Tc superconductor structures, £ is on the order of ~ 2 Á 
along the [001] direction and ~ 15 Á in (001) planes that carry the current [198]. Thus 
extremely thin barriers can cause weak-link behaviour (see below). High resolution 
transmission electron microscope (HRTEM) imaging, scanning Auger microanalysis of 
fracture surfaces, and high-spatial-resolution energy-dispersive X-ray spectroscopy in the 
scanning transmission electron microscope (STEM) have indicated strongly that, at least 
with respect to the cation distribution, the grain boundaries are defects with thicknesses 
in the 5 to 10 Á range, i.e. lengths comparable to £ [199-202]. This value is not 
surprising because the ~ 10 Á scale dimensions of the sample boundaries also 
approximate the structural widths that are observed for grain boundaries in a variety of 
oxide materials (e.g. NiO) that have been studied in considerably more detail [203, 204].
Heterogeneity of the grain boundary structure and properties has arisen as a 
theme in high-Tc grain boundary studies. The observed general disparity between the 
behaviour of low-angle and high angle boundaries [205] might have been predicted and 
easily rationalised in terms of simple grain boundary structure models. Some variety 
among boundaries with different crystallographic parameters in the high-angle range also 
might be anticipated. However, the data from the previous studies suggest that the 
fundamental mechanism controlling the Jc ( Josephson-coupling or flux-pinning) and T c
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can vary from boundary to boundary within the high-angle regime and possibly from 
boundary facet to boundary facet [204-207]. The heterogeneity has yet to be identified, 
but it may have its roots in either intrinsic or extrinsic features of the grain boundary 
structure or microstructure.
ii. The low-angle / high-angle distinction
Discussions of the role of grain boundaries in determining critical current 
characteristics almost universally separate grain boundaries into two classes: those that 
have small ( < -1 0 °), and those that have larger angles of misorientation 0. The 
relevance of this partition was first brought to light in thin-film bicrystal studies of Dimos 
et al. [208, 209], the results of which are often still quoted to represent the essence of 
grain boundary weak-link behaviour. In the Dimos et al. study, sets of 0 [001] 
symmetrical tilt, 0 [100] symmetrical tilt, and 0 [100] twist boundaries were fabricated 
by epitaxial deposition of Y-Ba-Cu-0 onto bicrystalline SrTiCb substrates with pre­
determined 0 values. The Jc values of the boundaries [Jc(gb)] were measured and 
compared with the Jc values of neighbouring interiors Jc(g). Jc(gb) / Jc(g) decreased 
rapidly with a ©'Mike dependence for values up to about 20°. For 0 > 20°, an 
approximately ©-independent, uniformly low value of Jc(gb) / Jc(g) ~ 10'2 was observed. 
Later studies of the normal state resistance (RN) of symmetrical [001] tilt boundaries 
showed a related dependence of Rn on 0, suggesting (a) a correlation between the 
depression of the boundary Jc value and an increased Rn [210], and (b) a general
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dependence of the electromagnetic properties of the boundary on 0 characterised by a 0' 
Mike dependence for low 0s and 0-independence at large 0s.
Analogous studies of symmetrical [001] tilt boundaries in other high-Tc 
superconductors originally suggested that this low-angle / high-angle picture might 
describe grain boundary behaviour in all of the high-Tc superconductors. Epitaxial 
bicrystal experiments using thin films of Bi2Sr2CaCu208 [212-214]; TlBa2Ca2Cu3Ox 
[215]; Tl2Ba2CaCu2Ox [215]; Tl2Ba2Ca2Cu3Ox [213,217]; and Ndi.8Ceo.i5Cu04 [212] all 
showed a qualitatively similar dependence of Jc(gb) on 0. Such results supported the idea 
of a common origin to the weak-link character observed in all of these materials [212].
Studies of bulk-scale 0 [001] twist boundaries of Bi-Sr-Ca-Cu-0 (2212) tell 
similar stories. In one study, the critical current density of the weakly coupled boundaries 
appeared to correlate with the coincidence index or X value, of the boundary [219] 
which in turn, depends on 0. In order to understand the structures and properties of grain 
boundaries, two major theoretical approaches have been developed: (a) the coincidence 
site lattice, CSL, model [218,219], and (b) the structural unit model, SUM [220]. A CSL 
can be produced by rotating two crystals relative to one another about a common 
crystallographic axis, using a lattice site as the origin. The ratio of the unit-cell volume of 
the CSL to that of the crystal is defined as I .  The physical significance of the CSL is that 
if the CSL formed by two abutting grains is very dense (i.e., I  is small), the two grains 
will share many lattice sites at the grain boundary, and the boundary should thus have
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low energy. Low £  boundaries are, therefore, expected to form preferentially in 
polycrystalline materials compared with high I  or non-CSL boundaries. Another study 
described examples of strongly coupled high-angle (23 and 88°) [001] twist boundaries 
[221]. (The 88° boundary could be considered to be a low-angle boundary if the 
structural modulation that occurs along the b-axis in this compound produced no 
anisotropy.) An interesting result of the latter study was that strong-link behaviour was 
always correlated with a significantly reduced Tc up to 30 K, whereas the boundaries 
with weak-link character had at most very slightly reduced (< 3 K ) boundary values. 
This anticorrelation is quite remarkable. It starkly contrasts with the behaviour of Y-Ba- 
Cu-O, for which reduced boundary Tc values always indicate weak-coupling [222]. All 
of these points suggest that for many, but possibly not all, cases the partition of 
boundaries into low-angle and high-angle may be a good approximation, but that the 
detailed characteristics of grain boundaries are more complicated than a simple 
dislocation overlap model can describe.
Interestingly, some low-angle grain boundaries appear to pin flux against motion 
perpendicular to the boundary plane. Evidence for a flux-pinning role of low angle 
boundaries has been observed in Y-Ba-Cu-0 [223] and in Bi-Sr-Ca-Cu-0 (2212) [224] 
by magneto-optic imaging; evidence for flux-pinning at a boundary with the relatively 
high value of 0 = 17 has been obtained in Bi-Sr-Ca-Cu-0 (2212) [225],
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A number of possible microstructural sources of heterogeneity have been 
observed by electron microscope studies of weakly and strongly coupled boundaries, 
including (a) boundaries, facet formation, and facet junctions, (b) cation composition 
modulations that occur within the boundary plane, (c) strain fields of intrinsic and 
extrinsic grain boundary dislocations, (d) the intersections of the twin planes with the 
grain boundary plane in the case of Y-Ba-Cu-O, and (e) oscillatory changes in 
misorientation due to twinning in Y-Ba-Cu-O.
iii. Macroscopic Current Paths and Grain Boundaries
The misorientation angle dependence of the grain boundary Jc value in Y-Ba-Cu- 
O, together with the rather larger Jc values that have been obtained in silver-sheathed Bi- 
Sr-Ca-Cu-O tapes [226, 228], has focused attention on the nature of the microscopic and 
macroscopic current path through polycrystalline bulk materials. Strong alignment of the 
c-axes of the plate-shaped grains that make up the microstructures of these materials is 
observed in all high-Jc tapes. Texture within the (001) plane is not evident over 
macroscopic dimensions, however. Light and electron microscope observations of Bi-Sr- 
Ca-Cu-O tapes show that the c-axis alignment is strong near the superconductor / silver 
sheath interface, but frequently is poor in the centre of the tape [228,229]. This 
microstructure suggests the presence of three basic types of boundaries. The first type 
includes the [001] twist boundaries that form between large faces of grains with perfect 
(or nearly perfect) c-axis alignment within the plate-shaped grains that are visible by light
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microscopy, as well as between well-stacked colonies. The second type is the [001] tilt 
boundaries that form where the edges of two plates with well-aligned c-axes meet. The 
third type describes boundaries with the “railway switch” [111] geometry that form 
between grains with significantly misaligned c-axes. These boundaries resemble a railway 
switch at the (001) planes which form the tracks, an appropriate analogy because these 
planes appear to carry a large component of the current. Two basic models that have 
been proposed to describe the Jc characteristic of Bi-Sr-Ca-Cu-O tapes focus on the 
roles of these types of boundaries (see below) [110-111,230].
7.1.2. Brick-Wall and Railway Switch Models
Although the weak-link problem exists in all high-Tc materials, systematic grain 
boundary studies have only focused on [001] tilt boundaries in Y-Ba-Cu-0 
superconductors [209,231-232]. The conclusions of these studies have often been 
assumed to pertain to all types of boundaries in all high temperature superconductors. 
Investigations of thin film [001] tilt bicrystals of other high-Tc superconductors provide 
some support for a general extrapolation of the Y-Ba-Cu-0 data [211,213,215,233­
234]. However, the complete generality of the [001] tilt Y-Ba-Cu-0 thin films results is 
brought into question by observation of strong coupling in high-angle bulk-scale 
bicrystals [235-237] and 90° thin film boundaries [238-239] of Y-Ba-Cu-0 thin-film 
bicrystal studies [229,231-232]; this would not predict the large high field transport 
critical current density (Jct) values (e.g., 10-100 kA/cm2) that have been obtained in
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silver sheathed Bi2Sr2CaCu208+x (2212) and Bi2Sr2Ca2Cu3Oio+x (2223) tapes 
[225,228,240,241-242]. The achievement of such high Jct values in poly crystalline tapes 
with strong c-axis texture underlines the importance of studying the electromagnetic 
characteristic and microstructure of individual grain boundaries in the Bi-Sr-Ca-Cu-0 
system, particularly in bulk-scale samples.
Currently, two models for the microstructural and electromagnetic character of 
the active current path in Bi-Sr-Ca-Cu-0 dominate the discussion. Both models are built 
upon the common assumption that Jct is limited by transport across grain boundaries. 
However, they diverge in their hypotheses about the types of boundaries in the 
supercurrent path and about the nature of the superconducting coupling across them . 
The microstructural basis of the Brick Wall model developed by Bulaevski et al. 
[110,231] is that Bi-Sr-Ca-Cu-0 grains tend to grow as plates which align themselves 




Fig.7.1. SEM micrograph obtained in present work of 
Bii.o8Pbo.35Sri.9iCa2.o5Cu3.o60io+x bulk-superconductor sintered at 850 °C for 80 hours in 
air.
The essential features of this microstructure which lead to appreciable high field 
supercurrents are (a) that the length-to-thickness ratio of the grains is large so that 
current can pass around weakly-coupled tilt boundaries by crossing large [001] twist 
boundaries in the c direction; (b) that the electrically layered structure of insulating “I” 
Bi-0 and superconducting “S” Cu02 sheets makes the compound a series of weakly 
coupled SIS junctions such that the c axis current is a Josephson current (see chapter 2 
and section 6.1.1); (c) that the Cu02-Cu02 plane spacing across [001] twist boundaries 
which form the broad “brick” faces is no greater than within the grains, because the 
boundary forms within the double Bi-0 insulator layers; and (d) the near-atomic scale of
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the SIS sheets and spatial non-uniformity in the plane of the [001] twist boundaries 
subdivides the boundary into an array of parallel Josephson junctions. Such a parallel 
junction array was hypothesised to carry significant supercurrents in fields of many tesla, 
even though the grain boundary is weakly coupled.
An alternative picture of the current-limiting mechanism and boundary type is 
suggested by the Railway Switch Model. Hensel et al [111] argued that the Jct(H) 
properties of Bi2Sr2Ca2Cu30io+x (2223) tapes are not consistent with a weakly-coupled 
current path, nor is the real grain structure as well aligned as was suggested in the Brick 
Wall model. They proposed that the active current path instead includes a network of 
strongly-coupled grain boundaries, many of whose grain intersections they likened to 
railway switches. On the basis of Y-Ba-Cu-0 results [209]. Hensel et al. postulated that 
the strongly-coupled boundaries needed to be of low angle for them to remain 
superconducting in strong magnetic fields.
The experimental evidence to date neither confirms nor denies either model. 
Virtually all experimental work has shown the importance of transport across grain 
boundaries, b u t  p o l y c r y s t a l l i n e  d a t a  h a v e  n o t  a l l o w e d  a  c l e a r  d e t e r m i n a t i o n  o f  t h e  
c o u p l i n g  c h a r a c t e r  ( i . e .  s t r o n g  o r  w e a k )  o f  B i - S r - C a - C u - 0  g r a i n  b o u n d a r i e s .  In 
previous bulk-scale studies by Tomita et al. [219,243], sintered high angle [001] twist 
boundaries of Bi-Sr-Ca-Cu-0 (2212) all showed weak-link behaviour. However, the 
grain boundary Jct values did vary with the misorientation angle 0 and £ (see page 190).
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These results support two postulates of the Brick Wall model, namely that supercurrents 
can pass in the c direction across high-angle [001] twist boundaries and that these 
boundaries are weakly coupled. Umezawa et al. [244-245] have presented 
electromagnetic and microstructural evidence that the active current path in 
poly crystalline Bi-Sr-Ca-Cu-0 (2223) tapes includes c axis transport and crosses [001] 
twist boundaries. However, many of these boundaries also contain Bi-Sr-Ca-Cu-0 
(2212) intergrowths. Umezawa et al.’s results suggest that there are two types of current 
path. At low fields the proximity effect couples 2212 intergrowths to the 2223 matrix 
and the supercurrent crosses all [001] twist boundaries. At higher fields those grains and 
grain boundaries that contain Bi-Sr-Ca-Cu-0 (2212) become decoupled and are 
eliminated from the active current path, perhaps only leaving low angle boundaries in the 
current paths. Thus, the coupling characteristics of the supercurrent paths are different in 
these two field regimes. The railway Switch Model appears more relevant to higher fields 
[221].
Central to both the Brick Wall and the Railway Switch Models are conjectures 
about the coupling character of the boundaries that he in the supercurrent path. The 
Brick Wall model assumes Josephson junction weak coupling and the Railway Switch 
model assumes single-crystal like strong coupling.
This thesis has employed the “Brick Wall Model” to explain the behaviour of 
superconducting transition temperature, Tc and critical current density, Jc in the Bi-Pb-
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Sr-Ca-Cu-0 superconducting polycrystalline-bulk materials. It shows that the structure 
of larger grains give rise to lower Tc but higher Jc than that of smaller ones. According to 
the Brick Wall Model, higher Jc values in larger grains, grown like plates, can arise 
because they have a higher length to thickness ratio, so that supercurrent can pass 
around weakly-coupled high-angle tilt boundaries by c r o s s i n g  l a r g e  a r e a  h i g h - a n g l e  
[001] t w i s t  b o u n d a r i e s  (Fig.3.28) [110-111].
The need for further study of [001] twist boundaries in bulk samples is reinforced 
by the paradox that those boundaries for which the Tc depression were found to be 
greatest by Wang et al. [222] (see page 191) (more than 40 K for the 23° , high-angle 
boundary) were strongly coupled, whereas those for which the Tc depression was small 
(only 2 K for the 36°, high-angle grain boundary [221]; it was found in this thesis as 4 K) 
were weakly-coupled.
7.1.3. Effect of Plastic Deformation on Grain Boundaries, Grain Growth 
and Recystallisation
The crushing of the Bi-Sr-Ca-Cu-O-2212 and -2223 grains accompanies their 
plastic deformation by grinding or milling powders and bulk materials, and by swaging, 
drawing, rolling, pressing, etc. for Bi-Sr-Ca-Cu-O-tapes and -wires. The recovery and 
the recrystallisation of the deformed structure is produced by heat treatment at elevated
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temperatures for a sufficient annealing time. During the heat treatment, the crushed 
grains are re-connected and new paths for supercurrent flow are formed [112].
As mentioned in Chapter 3, according to H.G.Lee et al. [112] it seems that the 
grain recovery following the deformation proceeded, at the intermediate stages of grain 
growth, in two ways: (a) coalescence between neighbouring grains having small-angle 
grain boundaries, and (b) grain growth consuming the neighbouring grains consisting of 
high-angle grain boundaries. Even if the grain growth or grain recovery proceeded in 
two ways at the intermediate stage of grain growth, wavy grain boundaries (see section 
3.1.3.3) are unstable due to their high surface energy (resulting from large boundary 
area) and therefore, finally on prolonged heating the grains will yield straight boundaries 
(see section 3.1.3.3) to minimise the surface energy [112].
7.2. Experimental
This Chapter shows that higher Jc values with lower Tc values are observed in 
larger Bi-2223 platelets as compared to the smaller ones due to the weak-coupling at the 
grain boundaries as proposed in the Brick Wall Model [110,231] (see above). It also 
suggests that the majority Bi-2223 grains, grown as plates, have high-angle [001] twist 
boundaries. Finally, it demonstrates that the recovery and the recrystallisation of the 
2212 and 2223 grains crushed upon ball-milling occur in the sintering process.
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Two precursor powders with a cation ratio of Bi/Pb/Sr/Ca/Cu = 
1.84/0.35/1.91/2.05/3.05 were produced using the solid-state oxide route (see chapter 
4). Powders were prepared from Bi20 3, PbO, SrC03, CaC03 and CuO. They were 
mixed, weighed and calcined at 820 °C for 20 hours. One of the powders was ball-milled 
by yttrium-stabilised zirconia (YSZ) and in a polypropylene container for 100 hours. 
Two precursor powders were separately pressed into pellets and sintered at 850 °C for 
40 hours.
We used a combination of X-ray diffraction (XRD), scanning electron 
microscopy (SEM) investigation, and electrical measurement techniques (linear four 
probe method) for characterisation of samples.
The critical temperature, Tc(0) (zero resistivity temperature) values of the Bi-Pb- 
Sr-Ca-Cu-O bulk superconductors were measured using the standard four-probe dc 
technique. A bulk specimen of 10 mm in diameter and 2 mm in height was mounted on a 
copper block on the cold stage of a specially designed sample holder. Four leads were 
attached onto the surface of the specimen in a line along the length of the specimen, with 
two leads close to either end, in order to leave a considerable gap between two inner 
leads (5-10 mm). Indium was used to solder the leads on to the samples.
A copper-constantan thermocouple was located inside the copper block with its 
tip just beneath the measuring specimen to monitor the temperature. A thermoflask filled
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with a mixture of ice and distilled water was used to provide the reference temperature 
(273 K) for the thermocouple. During the course of the measurement, the measuring 
chamber together with the specimen was immersed in liquid nitrogen, held for a few 
minutes to cool thoroughly, then raised above the liquid nitrogen level to allow the 
specimen temperature to increase. The rate of temperature change was controlled to be 
between 1 ~ 2 K min. A constant current of 0.005 A was supplied by a 100 Watt 
constant current voltage source (Model 228, Keithley Instrument Inc., Cleveland OH, 
USA) and voltages across the two inner leads were measured using a digital multimeter 
(Model 196, Keithley Instrument Inc., Cleveland, OH, USA) with a precision of 107 V. 
Constant current was provided in two directions to avoid the deviation of voltage 
resulting from the heterogeneity in composition and thermoelectrical potential shift. 
Temperature and voltage data were recorded using a computer based data acquisition 
program.
The same procedure was performed for measurement of the Jc values of the bulk 
samples. The specimen was of square-prism shape and of dimensions 10 mm in length 
and 4 mm2 in cross-section. The current utilised was 0.05 A at 77 K and no magnetic 
field was applied (self-fluxing) (Fig.7.2).
The precursor powders after and before ball-milling, and bulk samples (pellets) 
made of ball-milled and unmilled precursor powders after being sintered at 850 °C for 40 
hours were characterised by XRD (Model Philips PŴ  1730, CuKoc radiation). The bulk
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samples were investigated also by using scanning electron microscopy (SEM) (Model 
JEOL, JSM 6400 scanning Microscope-see page 104) to observe grain morphologies.
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Fig.7.2. Electrical circuit of four-probe dc method used for critical current (Jc) 
measurements.
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7.3. Results and Discussion
It was found that, after sintering, the ball-milled precursor powder had a larger 
grain size compared to the powder which was not ball-milled (Fig.7.3). When the 
particle size of the precursor powder is reduced (Fig.7.4. shows the particle distribution 
of the powder ball-milled and not ball-milled; the distribution between 10-100 pm is due 
to agglomerations of the fine particles), the surface area increases relative to the particle 
volume. The total free energy of the system is increasing, and therefore, the probability 
for a spontaneous reaction at constant volume and temperature to take place is 
increasing. This applies to the sintering processes ( v = constant, T = constant), and as 
the result of the increased reactivity, the grain size of the 2223 increases more rapidly 
with sintering time when finer precursor powder is used.
The x-ray diffraction pattern (XRD) of the precursor powder 
( Fig.7.5) demonstrates that the ball-milling produces a great amount of amorphism in 
the structure. This might assist grain growth during sintering and also allow some 
stacking faults due strain induced by extensive ball-milling, which could act as 
nucleation sites for subsequent the recrystalisation of the grains undergoing mechanical 
deformation. However, most of the structural defects such as dislocations, interstitials, 
and stacking faults (causing lattice distortion, such as oxygen atoms occupying the Bi-0 
and CU2O layers) would be annihilated upon annealing. Dislocations, acting as pinning 
centres in larger grains, may also be the reason for higher Jc’s.
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The XRD patterns (Fig.7.6) of bulk samples prepared from ball-milled powders 
and one prepared from unmilled powders sintered at 850 °C for 40 hours in air show that 
the prior ball-milling increases the amount of 2223 phase after sintering. The amount of 
2223 is 39 % by volume ( measured by the equation: IrmfOOlOVr 12212(008) + 
12223(0010)]) [190] in the milled sample and 28% in the latter one (see pages 131, 161).
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Fig.7.3a. SEM micrograph of the Bi-Pb-Sr-Ca-Cu-O bulk superconductors made 
from unmilled precursor powders which were sintered in air at 850 °C for 40 hours.
Fig.7.3b. SEM micrograph of the Bi-Pb-Sr-Ca-Cu-0 bulk superconductors made 
from precursor powders ball-milled for 100 hours and sintered in air at 850 °C for 40 
hours.
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It is seen in Fig.7.7 that the sample which had the larger grains exhibited a 
reduced Tc (0) = 90 ± 1 K with a Jc value 560 ± 5 A/cm2 . The sample which had the 
smaller grains and had a Tc (0) = 94 ±1 K with a Jc value of 520 ± 5  A/cm2. In addition 
to earlier works [219,243] the present result supports two postulates of the Brick Wall 
Model. The microstructural basis of this model [110, 229] is that Bi-Sr-Ca-Cu-0 grains 
grow as plates which align themselves with mutually parallel c-axes such that 
neighbouring plates overlap each other as in a brick wall, as in seen Fig.7.1 and Fig.7.3. 
In this model, supercurrents can pass in the c-direction across the high angle [001 ] twist 
boundaries and that these boundaries are weakly coupled [221] (see chapter 3 and 
section 7.1.2). The above results also support the results obtain by Ponnusamy et al. 
[246].They showed that structures having larger plates exhibited higher Jc values than the 
ones having very few large plates in polycrystalline bulk Bi-Sr-Ca-Cu-0 
superconductors.
The abundant needle-like grown 2212 phase and the edges of the less abundant 
2223 phase are seen in Figs.7.3a and 7.3b. The effect of extensive mechanical 
deformation (ball-milling for 100 h) are clear in Fig.7.3b where the needles of the 2212 
and the 2223 phases are larger than the ones in unmilled material (Fig.7.3a).
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7.4. Summary
It was found that after sintering oxide-route powder for 40 hours at 850 °C in air, 
the powder which was ball-milled before sintering had a larger grain size than the 
material which was not ball-milled before sintering.
Large grain Bi2223 bulk superconductors made by oxide-route powders have a 
reduced Tc (0) = 90 ±1 K with a higher Jc = 560 ± 5 A/cm2 due to their [001] twist­
boundary nature as compared to small grain ones which have Jc =520 ± 5 A/cm2 and 
Tc(0) = 94 ±1 K.
213
















20 30 40 50 60 70
Un-ball-milled
29










Fig.7.6. XRD patterns of a) sample prepared from ball milled powders b) samples prepared from 















Fig.7.7. Electrical resistance vs temperature (K) curves of the sample A which was ball-milled, the sample 
B which was not ball-milled.
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SUMMARY, CONCLUSIONS AND FURTHER WORK
The three different chemical route techniques, namely freeze-dry, spray-dry and 
thermal co-decomposition methods, and the two-powder oxide route method were 
investigated experimentally for the fabrication of the 2223 (Bi,Pb)-Sr-Ca-Cu-0 phase. 
The most reactive chemical route utilised here was found to be freeze-drying method. 60 
hours sintering at 850 °C in air was sufficient to form nearly pure single-phase (91%) 
Bi-2223 when freeze-drying was employed, whereas the maximum amount of Bi-2223 
phase produced by thermal co-decomposition method was 77% for 83 hours at 850 °C in 
air, and when spray-drying method was utilised it was 55% for 150 hours sintering at 
850 °C in air. The two-powder route was found to be intermediate in efficiency among 
the other techniques used here. The reactivity of the powders was related to the particle 
size and stoichiometric changes during heat treatment. A inverse relationship between 
the particle size and the chemical reactivity of the powder was found.
It was demonstrated that the final chemical stoichiometry and more particularly 
the state of particle agglomerates of the spray-dried powder are strongly dependent on 
the operating parameters of the spray-dry machine, such as inlet and outlet temperature, 
rate of air drying, and the atomising air pressure. For this process the optimum inlet and
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outlet temperatures were found to be 103 °C and 183 °C, and rate of air drying was 0.47 
mm3/min, and the atomising pressure was 1.5 kg/cm3, respectively. Deviation from these 
temperatures resulted in a decrease of the amount of the powder yield and chemical 
segregation in the powder was increased, resulting in a need for grinding.
Various milling systems consisting of agate and polypropylene grinding 
containers, agate and YSZ balls, and dry and wet milling were used in planetary ball­
milling and YSZ balls and YSZ container were used in wet and dry attrition milling. The 
differently milled powders were then evaluated by the measurements of particle size, 
surface area, porosity, size distribution, and the chemical analysis of Si, Zr and C 
contents. The results show that dry milling is much more efficient in planetary-milling 
than wet milling, whereas wet milling and dry milling gave quite similar results in 
attrition milling. Significant Si02 contamination was found in powder milled by an agate 
container with agate balls. Some C contamination from the polypropylene container was 
detected after milhng, but negligible Zr from YSZ balls and C from the grinding carrier 
(hexane). It was found that after 1 hour milhng fracture mechanisms transform from 
elastic to plastic region. Therefore, further milling is not very effective. It was also 
shown that Bi-2212 phase decomposes into several non- oxides such as Ca2Pb04, 
(Sr,Ca)2Cu03, CuO and a main amorphous phase after extensive dry milling.
Effects of particle size on Jc values of the tapes produced by the powder in-tube 
(PIT) processes have been also investigated. Tapes were made from the milled powders
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of fine particle size (1-2 (im), and coarse particle size (6-10 Jim). They were packed by 
the powder-in-tube method (PIT) using the knocking method in which the silver tube 
was knocked against a metal block frequently during packing. The packed silver tubes 
were then mechanically worked into wires and tapes by square-rolling and flat-rolling. 
The resultant tapes were subjected to a heat treatment process consisting of three 
sintering with two intermediate pressings. Each sintering was conducted in air at 
832 - 836 °C for 60 hours. Tape made from fine particles produced a higher Jc ( = 14,000 
± 4 A/cm2 )than that from coarse particles ( Jc = 5,124 ± 4 A/cm2) after heat treatment.
It was shown that after sintering for 40 hours at 850 °C in air the ball-milled 
powder has larger grain size as compared to the powder which was not ball-milled, and 
higher Jc values (= 560 A/cm2) with lower Tc (0) ( = 90K ) values are observed in 
larger Bi-2223 platelets as compared to the smaller ones due to the weak-coupling at the 
grain boundaries as proposed in the Brick Wall Model. It also suggests that the majority 
Bi-2223 grains, grown as plates, have high-angle [001] twist boundaries. Finally, it 
demonstrates that the recovery and the recrystallisation of the 2212 and 2223 grains 
crushed upon ball-milling occur in the sintering process.
The two-dimensional nucleation (random)-growth mechanism was found here to 
be attributable to the growth of the Bi-2223 grain in the a-b plane direction of the Bi- 
2212 matrix being much faster than in the c-direction, or that the prior existance of the 
plate-like precursor (2212) confines the product (2223). It was suggested that at the
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beginning of the reaction, the second phases (nonsuperconducting) were partially melted. 
Because of the structure, composition and thermal fluctuation, the 2223 nucleates and 
grows in the phase boundary between the liquid phase and Bi-2212. It was shown here 
that the nucleation and the growth rates were very fast between 0 and 36 hours of 
sintering at 850 °C in air. At the final stage, between 36 and 60 h, because of the 
impingement of the growth fronts of different nuclei, the high formation rate of 2223 was 
suppressed. The major reactant 2212 remains as a solid and its plate-like configuration 
determines the two dimensional nature of the reaction. The amount of liquid forms 
during reaction is small.
Investigation for effect of particle size of the precursor powders in preparation of 
thin and thick films; further modification of the chemical routes to produce finer and 
more intimately mixed particle precursor powders would be further work.
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